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ABSTRACT 
SILENCING SEED DORMANCY GENES TO MITIGATE RISK OF TRANSGENE 
FLOW TO WEEDY RICE 
ALEXANDER WIREKO KENA 
2017 
The flow of fitness-enhancing transgenes from genetically modified crops into wild/weed 
relatives may cause serious ecological and economic consequences. Seed dormancy (SD) 
is a key adaptive trait that distributes germination over time, resulting in weed persistence 
in agroecosystems. Thus, silencing major genes controlling SD would reduce the 
adaptive fitness of weeds. SD-enhancing genes cloned from weedy rice include SD7-1, 
SD7-2, SD12a, SD12b, and SD12c. The goal of this study was to develop a transgenic 
mitigation (TM) strategy using SD gene-silencing structures as mitigating factors to 
reduce the risk of transgene flow to wild/weed populations.  TM vector constructs 
consisted of the Bar herbicide resistance (HR) transgene linked to either an RNA 
interference (RNAi) or CRISPR/Cas9 SD gene-silencing cassettes.  In the RNAi-
mediated TM strategy, a two-locus and a three-locus TM constructs were designed to 
target two or three SD genes in weedy rice, respectively. Hemizygous T0 plants were 
crossed with the weedy rice line Ludao to generate HR and herbicide susceptible (HS; 
without TM construct) genotypes for fitness evaluations under greenhouse and field 
conditions. The two-locus TM construct significantly reduced (p < 0.0001) the degree of 
dormancy among HR genotypes when compared to the HS genotypes. However, the 
three-locus TM construct could not reduce the degree of dormancy in HR genotypes 
when evaluated under greenhouse and field conditions. To maximize silencing efficiency, 
xvi 
 
a CRISPR/Cas9-based TM construct was designed to knockout six SD genes in weedy 
rice simultaneously. Of the mutations identified in the T0 plants, 62% were deletions, 
33% insertions and 5% substitutions, and were classified into homozygous, heterozygous 
and biallelic types. The Cas9-induced mutations were found to be heritable when a 
biallelic T0 plant was crossed with the weedy rice line SS18-2 to generate F1 hybrid 
plants, but no new mutations were observed in the SS18-2 allele for three of the six 
targeted genes. The results obtained in this study proved that a TM strategy based on SD 
gene-silencing mitigating factors is feasible. However, the tandemly linked mitigating 
factors need to be modified to enhance their silencing efficiency -- a CRISPR/Cas9 gene 
drive approach was thus proposed. 
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Chapter 1 Introduction and literature review 
1.1 Introduction 
1.1.1 Global overview of commercialized transgenic crops 
Transgenic or genetically modified (GM) crops are plants whose genomes have 
been artificially altered through the introduction of recombinant DNA or foreign gene(s) 
from unrelated species (i.e. transgene or foreign DNA) using genetic engineering 
technologies. GM crops were first commercialized in 1996, and in just two decades, the 
total global land area devoted to their cultivation has seen more than a 100-fold increase 
from 1.7 Mha (million hectares) in 1996 to 179.7 Mha in 2015 (James, 2015). 
During this period of their commercial introduction, the number of countries 
growing GM crops increased to 28 (made up of 20 developing and eight industrial 
countries) with 18 million farmers in total (James, 2015). The top five countries 
regarding hectarage are the United States (70.9 Mha), Brazil (44.2 Mha), Argentina (24.5 
Mha), India (11.6 Mha) and Canada (11 Mha), representing 91% of the total hectarage of 
GM crop globally (James, 2015). 
In terms of traits, herbicide resistance accounts for about 53% of all 
commercialized GM crops, with the remaining 47% representing insect resistance and 
stacked transgenic traits (James, 2015). The top four commercialized GM crops are 
soybean (51%), corn (30%), cotton (13%) and canola (5%) (James, 2015). Other 
commercialized GM crops as at 2015 are sugar beets, papaya, alfalfa, squash, potato, 
eggplant, and poplar.  
In a meta-analysis study, Klumper and Qaim (2014) revealed that, on average, 
growing transgenic crops has resulted in a significant decrease in pesticide use by 37%, 
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and a concomitant yield increase of 22%, producing a 68% increase in profits for farmers, 
particularly in the developing world. One other benefit that drives the adoption of GM 
varieties by farmers across the globe is simplified weed control, especially for herbicide 
resistant GM crops, which underscores their dominance among adopted transgenic crop 
varieties (James, 2015; Que et al., 2010). 
Despite these tangible benefits obtained from the adoption of GM crop varieties, 
they are not without controversies and public backlash due to the potential risks they pose 
agronomically and ecologically (Pilson and Prendeville, 2004). 
1.1.2 Gene flow risks in agroecosystems 
Gene flow refers to “the incorporation of genes into the gene pool of one 
population from one or more populations” (Ellstrand et al., 1999). In most 
agroecosystems, cultivated crops and their conspecific weedy or wild relatives are not 
reproductively isolated by space or time (Daniell, 2002; Gressel, 2015; Hails and Morley, 
2005; Kwit et al., 2011; Lee and Natesan, 2006). Consequently, there exists a temporal or 
spatial overlap in their reproductive phases. This temporal and spatial overlap in 
flowering may inevitably result in cross-hybridization between cultivated crops and their 
sexually compatible weedy or wild counterparts; thereby causing gene flow via pollen 
transfer in a bi-directional manner.  
Many cases of gene flow into weedy or wild relatives including transgenes have 
been reported for most crops. Shivrain et al. (2007) reported that gene flow had occurred 
in rice fields where the selective chemical control of weedy rice is achieved by growing 
imidazolinone-herbicide-resistant ClearfieldTM  rice varieties (imidazolinone herbicide 
resistance imparted by the als gene). This gene flow thus led to the development of 
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imidazolinone-herbicide-resistant weedy rice lines. The als gene was similarly observed 
to have escaped from wheat to jointed goatgrass (Aegilops cylindrica) (Gaines et al., 
2008) and from sunflower to wild sunflower (Helianthus anuus ssp. annuus) (Presotto et 
al., 2012). 
Cao et al. (2009) aslo observed the flow of the insect resistnce transgenes, CpTI or 
Bt/CpTI from transgenic rice varieties to weedy rice that consequently imparted a fitness 
advantage to the hybrids which were observed to have more tillers, panicles and 
spikelets, and taller plant heights. 
The escape of the glufosinate resistance transgene, Bar from transgenic canola 
and sugar beets to their weedy or wild relatives have also been reported (Darmency et al., 
2009; Song et al., 2010). Similarly, the glyphosate resistance transgene, EPSPS (5-
enolpyruvylshikimate-3-phosphate synthase gene) was found to have escaped to weedy 
canola (Brassica juncea) from canola (B. napus), and from creeping bentgrass (Agrostis 
stolonifera ) to rabbitfoot grass (Polypogon monspeliensis) (Séguin-Swartz et al., 2013; 
Zapiola and Mallory-Smith, 2012). 
Gene flow may result in serious economic and ecological consequences if 
transgenes are used for crop protection (Al-Ahmad et al., 2004; Daniell, 2002; Gressel, 
1999; Kwit et al., 2011; Lee and Natesan, 2006). The consequences of gene flow have 
been summarized using terminologies such as genetic assimilation and demographic 
swamping (Ellstrand and Schierenbeck, 2000; Hails and Morley, 2005; Haygood et al., 
2003; Wolf et al., 2001). 
Genetic assimilation results from the replacement of wild genes with crop genes 
due to gene flow. Genetic assimilation thus leads to a reduction of the genetic diversity 
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present within wild population, hence, it is regarded as a conservation problem with 
ecological consequences (Ellstrand and Schierenbeck, 2000; Haygood et al., 2003; Wolf 
et al., 2001). 
Demographic swamping happens when wild populations shrink in size after a 
crop gene is incorporated into their gene pools. The consequences of demographic 
swamping is dependent on whether a less or more fertile hybrid is produced after gene 
flow in comparison to their wild parents. Demographic sawmping is also a conservation 
problem and it may be compounded by genetic assimilation if less fertile hybrids are 
produced (Ellstrand and Schierenbeck, 2000; Haygood et al., 2003; Wolf et al., 2001). As 
wild populations shrink in size, they succumb easily to habitat disruptions and inbreeding 
depressions (Haygood et al., 2003).  
In an alternative scenario, invasive hybrids may be produced if the hybrids are 
more fertile or have a fitness advantage over their wild parents. The invasiveness of 
hybrids could be both a conservation or an agricultural problem depending on whether it 
occured in natural populations or on farmers’ fields (Haygood et al., 2003). Invading or 
aggressive weeds which have received crop protection transgenes present serious 
economic and agronomic challenges to farmers. For instance, one of the direct 
consequence of escape of herbicide resistance transgenes into weedy relatives is the 
creation of “superweeds”, which may cause weed resistance to those herbicides.  
1.1.3 Transgene flow management strategies 
The escape of transgenes into weedy or wild relatives could be problematic 
depending on the type of transgene. In order to protect and prolong the usefulness of 
transgenic technology, and widen the acceptability of its products, it has become 
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imperative to develop complementary approaches to manage the risks of transgene 
escape to weedy populations to forestall such negative consequences of transgene flow.  
The different strategies proposed for the management of pollen-mediated 
transgene flow are aimed at either preventing hybridization (i.e. impeding pollen transfer) 
or reducing the risks of the transgene flow post-hybridization (Daniell, 2002; Gressel, 
1999; Gressel, 2010, 2015; Gressel and Valverde, 2009; Kwit et al., 2011; Lee and 
Natesan, 2006). The transgene flow management startegies are thus broadly categorized 
into containment methods and transgenic mitigation (TM) approaches (Gressel, 2015).  
1.1.3.1 Proposed transgene containment methods 
The containment methods are geared towards preventing pollen flow from 
transgenic crops to their sexually compatible relatives, but not the flow of pollen in the 
reverse direction. The containment methods are further grouped into physical or 
agronomic containment strategies and biological containment methods (Gressel, 2015).  
The physical agronomic containment methods are implemented through isolation 
to break the overlap in flowering between transgenic crops and their wild or weedy forms 
either by time or space. Isolation by time or space thus prevents synchrony of flowering 
between the transgenic crops and the wild or weedy relatives so as to prevent 
hybridization. However, the asynchronous nature of flowering in weedy or wild 
populations makes isolation by time difficult to prevent hybridization (Gressel, 2015).  
The biological containment methods are effected through biotechnological 
interventions during the development of transgenic crops. These biocontaiment methods 
could be deployed to enforce male sterity, delayed flowering, insertion of transgenes into 
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plastids to be inherited maternally, and seed sterility (Daniell, 2002; Gressel, 2015; Kwit 
et al., 2011). 
Pollen-mediated transgene flow could be prevented if transgenic plants are made 
to be devoid of viable pollen. This is the basis of the biocontainment method for 
enforcing male sterility. Male sterility has been achieved in various crops using either 
genic or cytoplasmic male sterility (García-Sogo et al., 2010; Hvarleva et al., 2014; 
Mariani et al., 1990; Wei et al., 2007; Woo et al., 2008). Mariani et al. (1990) were the 
first to demonstrate the possibility of tampering with pollen development in tobacco and 
oilseed rape plants using the chimaeric ribonuclease barnese gene (TA29), which 
expressed in the anthers. The TA29 gene driven by flower-specific promoters destroyed 
tapetal cells surrounding embryo sacs in the anthers, thereby preventing pollen formation 
(Mariani et al., 1990). Other researchers have since this study used a barnese:barstar 
gene contruct in other crops to achieve male sterility and simultaneosly restore fertility 
(García-Sogo et al., 2010; Wei et al., 2007). If the economic parts of interest of a 
cultivated autogamous crop are botanic seeds, it follows that the male sterility 
biocontainment method cannot be used. This is because male sterility would negatively 
affect seed set, and thus, reduce yield. 
Inserting transgenes into plastids such as chloroplast and other maternally 
inherited cytoplasmic organelles such as the mitochondria have been proposed (Bock, 
2001; Daniell et al., 1998; Maliga, 2004). However, maternal inheritance of chloroplast 
has been observed not to be absolute, and that some of the plastids are transmitted 
through the pollen (Svab and Maliga, 2007; Wang et al., 2004).  
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For autogamous crops, the use of cleistogamy (pollination without flower-
opening) has been proposed (Husken et al., 2010; Ohmori et al., 2012). Cleistogamy as 
biocontainment method is however limited to only autogamous crops but not allogamous 
crops. 
The use of delayed flowering has been reviewed as a viable option for preventing 
pollen-mediated transgene flow (Daniell, 2002; Husken et al., 2010; Kwit et al., 2011). 
The technique has been tested in Arabidopsis and canola by various workers using 
different genes (Boss et al., 2006; Cai et al., 2007; Kim et al., 2007; Salehi et al., 2005). 
Delayed flowering is however not failsafe due to the fact that it could lead to less seed 
production in most agronomic crops when flowering is unduly delayed (Kwit et al., 
2011). Delayed flowering as a transgene containment method also assumes that there are 
no sexually compatible relatives flowering the same time in the environment. 
One of the most controversial post-hybridization biocontainment methods for 
impeding transgene-flow is the use of the so-called “terminator” technology or genetic 
use restriction technologies (GURT) to cause seed sterilty or to produce non-functional 
pollen  (Hills et al., 2007). Its use has been suspended as a result of public backlash 
against biotech corporations. 
1.1.3.2 Transgenic mitigation  
From the foregoing, it is evident that preventing pollen movement from transgenic 
crops to wild or weedy relatives may not be achieved using a single biocontainment 
strategy. These techniques are theoretically expected to prevent the flow of pollen from 
transgenic crops to their sexually compatible relatives, but none of them is failsafe. Thus, 
a complementary approach that takes into account the possibility of failed transgene 
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containment or reverse flow of pollen from wild or weedy relatives should be considered. 
Transgenic mitigation (TM) approaches are designed to meet this goal. 
Once a transgene gets introgressed into a weedy or wild population, it may impart 
a fitness or selective advantage to individuals possessing it depending on the nature of the 
transgene (Kwit et al., 2011; Lee and Natesan, 2006; Lu et al., 2016). The fitness 
(sometimes referred to as adaptive value or selective fitness)  of an individual in a 
population is defined as its contribution of offspring to the next generation (Falconer, 
1989). The differences in fitness among individuals in a population originate from the 
expression of one or more gene(s) that may be present in some individuals but absent in 
others, resulting in either a fitness advantage or disadvantage if selection operates on that 
gene. If selection acts on a gene that imparts fitness advantage to individuals, it causes a 
disparity in the fertility and viability of gametes, and those favored by selection (i.e. 
exhibiting high fitness) would contribute more offspring to the next generation. The aim 
of the transgenic mitigation (TM) approach is, therefore, to neutralize the fitness 
advantage an escaped transgene may impart to individuals receiving it, so as to 
significantly reduce their chance to contribute more offspring to the next generation (Al-
Ahmad et al., 2004; Daniell, 2002; Gressel, 1999; Kwit et al., 2011; Lee and Natesan, 
2006; Zhang et al., 2014). 
The TM strategy is achieved by tightly or tandemly linking a primary transgene to 
a mitigating factor, which generates a phenotype either beneficial to or having a neutral 
effect on the crop, but having deleterious effects in the wild or weedy relative. The 
mitigating traits used in TM strategies are usually plant adaptive traits such as seed 
dormancy and shattering; morphological or growth traits such as plant height (dwarfism) 
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and flowering; or chemical sensitivity or susceptibility traits (Daniell, 2002; Gressel, 
2015; Li et al., 2013; Liu et al., 2012; Zhang et al., 2014).  
The success of any TM approach is, thus, contingent on the tandem construct 
remaining stable and completely linked without segregation of the tandemly linked 
elements (i.e. separation of the primary transgene from the mitigating trait or factor). 
Since the primary transgene is coupled tightly to the mitigating factor, any eventual 
transfer of the transgene would inevitably result in the transfer of the mitigating factor to 
ensuing hybrids. Once the tandem construct gets integrated into the recipient’s genome, 
the presence of the mitigating factor, if expressed, would lead to a reduction in fitness of 
hybrids that received the transgene, thus, precluding transgene-containing individuals 
from contributing more offspring to the next generation in the population.  
1.2 Literature review 
1.2.1 Seed dormancy and germination 
Seed dormancy (SD) refers to a temporary hold on germination or a block to the 
completion of germination of an intact viable seed under favorable conditions that would 
otherwise promote the germination of non-dormant seeds (Baskin and Baskin, 2004; 
Bewley, 1997; Finch-Savage and Leubner-Metzger, 2006; Finkelstein et al., 2008; Willis 
et al., 2014). A dormant seed would not germinate under any combination of normal 
physical environmental factors that otherwise is favorable for its germination unless the 
seed is released from its dormant state (Baskin and Baskin, 2004). 
Dormancy is an inherent property of species that is regarded as a plant fitness or 
adaptive trait that determines the environmental cues in which a seed would complete 
germination (Finch-Savage and Leubner-Metzger, 2006). Dormancy prevents seeds from 
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germinating under very short favorable conditions (Willis et al., 2014). Seeds, at 
physiological maturity, usually exhibit varying degrees of dormancy, hence, are able to 
distribute germination over time, and by so doing, hedge against unpredictable and 
unfavorable environmental conditions (Willis et al., 2014). 
Germination refers to a physiological process that starts with uptake of water by a 
dry seed  and ends with the elongation of the embryonic axis from the covering tissue 
(Bewley, 1997). Germination is considered to be complete when the radicle protrudes out 
of the structures surrounding the embryo (Baskin and Baskin, 2004; Bewley, 1997; 
Finch-Savage and Leubner-Metzger, 2006). Subsequent events required for the growth of 
the visible elongated radicle such as the mobilization of stored reserves, cell division and 
DNA synthesis occur postgermination (Bewley, 1997). A dormant seed goes through 
virtually all the above cellular and metabolic events required for the completion of 
germination, but the embryonic axis or radicle fails to elongate (Bewley, 1997). 
Dormancy is, thus, measured by delay of germination or reduced germination rate.  
Baskin and Baskin (2004) proposed a comprehensive system for classifying 
different seed dormancy types. This system identified five classes of seed dormancy, 
namely: physiological, morphological, morphophysiological, physical and combinational 
dormancy.  
Physiological dormancy (PD) is the most common type of dormancy among plant 
species. PD is further separated into deep, intermediate, and non-deep types. In seeds 
with deep PD, excised embryos produce abnormal seedlings; gibberellic acid (GA) 
treatment does not promote germination and seeds require about 3-4 months of cold 
stratification to germinate.  
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The intermediate PD is characterized by normal seedlings growth from excised 
embryos; GA promotes germination in some (but not all) species, seeds require 2–3 
months of cold stratification for dormancy break and dry storage can shorten the cold 
stratification period.  
The non-deep PD type is the most abundant. It is characterized by excised 
embryos producing normal seedlings; GA promoting germination depending on species, 
cold (0–10°c) or warm (≥15°c) stratification breaking dormancy, seeds after-ripening in 
dry storage, and scarification may promote germination. 
In seeds with morphological dormancy (MD), the embryo is small 
(underdeveloped) and differentiated, i.e. cotyledon(s) and hypocotyl–radicle can be 
distinguished. Seed embryos with MD in contrast to PD seeds, do not necessarily require 
dormancy-breaking pretreatment, but only need to grow to full size and then germinate 
under favorable conditions. 
Seeds exhibiting morphophysiological dormancy (MPD) have an underdeveloped 
embryo with a physiological component of dormancy. Thus, before they can germinate, 
they need a dormancy-breaking pretreatment and also time for the underdevelop embryo 
to grow to full size. 
Physical dormancy (PY)  is imposed by water impermeable layers of palisade 
cells in the seed or fruit coat that control water movement into the embryo. 
Combinational dormancy (PY +PD) is present when seeds with water-impermeable coats 
(as in PY) combine with physiological embryo dormancy. Embryos that are hindered by a 
physical barrier, such as the adjoining endosperm or perisperm, the surrounding testa or 
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pericarp (i.e. coat-imposed dormancy) would require a weakening of these blocks to 
allow radicle protrusion and extension.  
The physical barriers to germination can be either partially or entirely removed in 
a process referred to as scarification. Mechanical scarification is a technique for 
overcoming the effect of an impermeable seed coat. Seeds are either rubbed on a sand 
paper manually or when the seed coat is too hard; it must be completely removed by 
breaking it. Some seeds are also scarified by soaking them in a concentrated or diluted 
solution of sulfuric acid for some period to improve water imbibition during the process 
of germination. Other mechanical scarification methods include exposure to fire and hot 
water treatment of the dormant seeds. There large mechanical scarifiers that use friction, 
carborundum dics, and metal barbs to scarify large seed lots. 
A distinction should also be made between primary and secondary seed 
dormancy. Primary and secondary dormancy are seed dormancy types based on the time 
dormancy is acquired by the seed (Baskin and Baskin, 2004). Seeds are said to exhibit 
primary dormancy when they are dispersed from the parent plant in a dormant state 
(Baskin and Baskin, 2004; Finch-Savage and Leubner-Metzger, 2006). Primary 
dormancy is thus acquired during seed development. Primary dormancy is reported to be 
conditioned by high levels of endogenous ABA content of the seed (Kucera et al., 2005). 
Secondary dormancy, on the other hand, refers to dormancy of an initially non-dormant 
seed that is induced by adverse environmental factors, i.e., if the favorable conditions 
required to induce germination after release from primary dormancy are absent (Finch-
Savage and Leubner-Metzger, 2006). 
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To release seeds from either primary or secondary dormancy, seeds are subjected 
to environmental conditions that facilitate after-ripening in the dry state, and/or 
dormancy-release treatments in the imbibed state to lower the ABA content of the seed 
(Finch-Savage and Leubner-Metzger, 2006; Kucera et al., 2005). These imbibed seed 
treatments include cold and warm stratification, light, gibberellins and other hormones. 
Chemicals such as potassium nitrate and thiourea have also been used to break seed 
dormancy (Bethke et al., 2006; Kucera et al., 2005). 
1.2.2 Genetic and molecular mechanisms of seed dormancy 
SD is a complex trait controlled collectively by many genes, which have been 
identified as QTL in many crop or model plants in the past 20 years. To dissect the 
genetic basis of SD, researchers use plant model organisms such as Arabidopsis and rice 
(Bentsink et al., 2010; Bentsink et al., 2006; Gu et al., 2003; Gu et al., 2004, 2006a). 
These efforts have yielded tremendous results with the identification of various genes that 
regulate SD at the molecular level (Graeber et al., 2012; Holdsworth et al., 2008). 
SD is induced during seed development. Seed development comprises two stages: 
embryogenesis and seed maturation; and dormancy is induced during the latter phase of 
seed development simultaneously with the accumulation of storage compounds, the 
acquisition of desiccation tolerance, and finally, the quiescence of metabolic activity 
(Graeber et al., 2012). The regulators of seed dormancy induction can be categorized into 
four groups: seed maturation, hormonal, dormancy-specific genes and chromatin 
regulators (Graeber et al., 2012). 
The identification of different seed maturation mutants in Arabidopsis with 
reduced dormancy helped in the elucidation of the role of key seed maturation genes in 
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the induction of dormancy. The joint action of four transcription factors: ABSCISIC 
ACID INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3), LEAFY COTYLEDON 1 (LEC1) and 
LEC2, play a vital role in seed maturation and the transition from embryo to seedling 
(Graeber et al., 2012; Holdsworth et al., 2008). Mutations in these genes resulted in 
aberrant seed maturation causing different phenotypes such as reduced dormancy. ABI3, 
FUS3, and LEC2 encode related plant-specific transcription factors containing the 
conserved B3-binding domain while LEC1 encodes an HAP3 subunit of the CCAAT-
binding transcription factor (Graeber et al., 2012; Holdsworth et al., 2008).  
Apart from reduced dormancy, mutants of these genes also show reduced 
sensitivity to abscisic acid (ABA; abi3 and, to a lesser extent, lec1), the accumulation of 
anthocyanins ( fus3, lec1 and, to a lesser degree, lec2), seed desiccation intolerance (abi3, 
fus3 and lec1), and defects in cotyledon identity (Holdsworth et al., 2008). These four 
genes were shown to work in a network by Kagaya et al. (2005). LEC1 regulates the 
expression of both ABI3 and FUS3; FUS3 and LEC2 function in a partially redundant 
manner to regulate the gene expression of seed-specific proteins.  LEC2 controls FUS3 
expression locally in regions of the cotyledons. Other seed maturation-related genes 
reported include VP8 (VIVIPAROUS 8 identified in maize) and its homologs 
PLASTOCHRON3/GOLIATH (PLA3/GO) in rice and ALTERED MERISTEM 
PROGRAM1 (AMP1) in Arabidopsis (Graeber et al., 2012). 
The roles of GA and ABA signaling and biosynthesis during germination and SD 
induction are well elucidated. The induction and maintenance of SD, as well as the 
promotion of germination events, are regulated through a balance between ABA and GA 
levels in the seed. The 2C protein phosphatases (PP2Cs) ABI1 and ABI2 play a major role 
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in the signal transduction of ABA by negatively regulating ABA responses (Ma et al., 
2009). Park et al. (2009) showed that ABA binds to PYR1 belonging to the START 
protein family, which in turn associates with and inhibits PP2Cs. GA antagonize ABA 
action to promote germination. During imbibition and germination, light and temperature 
are environmental cues that enhance GA biosynthesis and signaling. The DELLA proteins 
(GA-INSENSITIVE, GAI; REPRESSOR OF GA1-3, RGA; RGA-LIKE1, RGL1; RGL2 and 
RGL3) function as transcription factors that inhibit seed germination by repressing GA-
dependent responses. GA binds to the GA receptor, GID1 in rice (homologs GID1A, 
GID1B and GID1C in Arabidopsis), which then forms a complex with DELLA proteins to 
cause the degradation of the latter (Daviere and Achard, 2013; Holdsworth et al., 2008; 
Nakajima et al., 2006). 
SD-specific QTL have been detected and cloned in Arabidopsis and rice to reveal 
their molecular regulatory mechanisms. Bentsink et al. (2006) cloned DELAY OF 
GERMINATION 1 (DOG1)  in Arabidopsis as the first QTL controlling SD. DOG1 was 
later found to have a pleiotropic effect on both SD and flowering time in Arabidopsis 
(Atwell et al., 2010; Brachi et al., 2010). Huo et al. (2016) revealed that DOG1 controls 
SD and flowering time in response to temperature in Arabidopsis and lettuce by 
influencing the transcript levels of the microRNAs, miR156 and miR172. Expression of 
DOG1 elevated the transcript levels of miR156, which in turn induced strong SD and 
delayed flowering in both Arabidopsis and lettuce, whereas miR172 levels reduced (Huo 
et al., 2016). Conversely, germination and early flowering was observed with higher 
levels of miR172 (Huo et al., 2016). 
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In rice, SD was found to be interrelated with other weedy characteristics such as 
black hull color, red pericarp color, long awns, and shattering (Gu et al., 2005b). The SD 
QTL, qSD4 collocates with Bh4 for black hull color (Gu et al., 2005b). Zhu et al. (2011) 
cloned Bh4 and was found to encode an amino acid transporter that played a major role in 
the transition from black hull color to straw color. A 22 bp deletion was found on the 
exon 3 of the bh4 variant that impeded the normal function of Bh4, resulting in straw hull 
color types in rice (Zhu et al., 2011).  
The SD QTL in rice, qSD7-1 was shown to collocate with Rc for red pericarp 
color (Gu et al., 2011; Gu et al., 2005b). Gu et al. (2011) revealed that SD7-1 encodes a 
basic-helix-loop-helix (bHLH) transcription factor that exhibits pleiotropic control on key 
genes in the biosynthetic pathways for the dormancy-inducing hormone, ABA and 
flavonoid pigments in the pericarp of rice. SD7-1 was shown to upregulate ZEP 
(zeaxanthin epoxidase) and NCED1 (nine-cis-epoxycarotenoid dioxygenase 1) in the 
biosynthesis of ABA in rice, which caused the accumulation of ABA in early developing 
seeds, thereby inducing primary dormancy (Gu et al., 2011).  
SD QTL have also been found to be associated with plant height in rice (Ye et al., 
2013; Ye et al., 2015). The SD QTL, qSD1-2 controls endosperm-imposed dormancy and 
plant height in rice via a GA-regulated dehydration mechanism (Ye et al., 2015). The 
loss-of-function allele of qSD1-2, which is prevalent in semi-dwarf rice cultivars reduced 
plant height and increased the depth of dormancy by reducing the GA content of early 
developing seeds (Ye et al., 2015). Other major SD QTL identified in rice include qSD7-
2 and qSD12 (Gu et al., 2006b; Gu et al., 2008; Ye et al., 2013). Gu et al. (2008) 
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indicated that qSD12 is a major SD gene that controls dormancy imposed by an offspring 
tissue unlike qSD7-1, which controls SD through maternal tissues. 
Some epigenetic control mechanisms have been reported for SD.  SD is reported 
to be regulated in Arabidopsis by chromatin or histone modification factors through 
methylation and ubiquitination. Liu et al. (2007) showed that REDUCED DORMANCY 4 
(RDO4)/HISTONE MONOUBIQUITINATION 1 (HUB1) and its homolog encode C3HC4 
RING finger proteins necessary for histone H2B monoubiquitination, and that the 
mutants hub1 and hub2 showed reduced dormancy. Zheng et al. (2012) reported that the 
KRYPTONITE (KYP)/SUVH4 overexpression in Arabidopsis plants resulted in reduced 
dormancy, but mutations in this gene produced increased SD. KYP/SUVH4 is required for 
the dimethylation of histone lysine 9, and it is regulated by ABA and GA (Zheng et al., 
2012). 
1.2.3 Weeds 
Weeds may be simply defined as “misguided plants” that grow where they are not 
wanted or valued, thereby interfering with the objectives of agriculture. Weeds constitute 
a huge problem in crop production. Season after season, farmers spend resources to 
control weeds in their fields. Soil seed banks for weeds usually exhibit dormancy cycling 
which enhances the persistence of weeds in agroecosystems (Carter and Ungar, 2003; 
Dalling et al., 2011).  
Seeds serve as important propagules for the perpetuation of plant species in their 
natural environment.  The continual survival of plant species in their natural 
environments without any human management intervention requires adaption to their 
habitats at all phases of their life cycle. One of such adaptive mechanisms is effected 
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through SD, which partly guarantees the persistence of soil seed banks to avoid local 
extinction by preventing a large scale germination of all intact viable seeds over a short 
period of favorable environmental conditions (Cao et al., 2014; Dalling et al., 2011). SD 
enhances the spreading of germination over time in a population of seeds (Finch-Savage 
and Leubner-Metzger, 2006).   
With the introduction of herbicide tolerant and insect tolerant transgenic crops, 
the problem of weed persistence could be exacerbated as a result of the flow of crop 
protection transgenes into the weedy relatives of cultivated crops (Gressel, 1999; Gressel, 
2010, 2015; Gressel and Valverde, 2009). This is because, weedy hybrids possessing crop 
protection transgenes would show increased persistence in the environment due to their 
strong SD. Herbicide resistant weedy lines, for instance, could escape other weed control 
methods through self-imposed delayed germination. 
1.2.4 Origin, diversity and domestication of cultivated and weedy rice 
The genus Oryza consists of 23 species, of which two are cultivated, Oryza sativa 
and Oryza glaberrima (Fuller, 2012; Seck et al., 2012; Sweeney and McCouch, 2007; 
Vaughan et al., 2003). These 23 species are further classified into four distinct species 
complexes: O. sativa, O. officialis, O. ridelyi and O. granulata species complexes 
(Sweeney and McCouch, 2007).  
The members of the Oryza genus have a chromosome number of n = 12, but some 
are polyploids (Vaughan et al., 2003). The two domesticated species of rice and six wild 
species (O. rufipogon, O. nivara, O. barthii, O. longistaminata, O. meridionalis and O. 
glumaepatula) constitute the O. sativa complex, and all are diploids. Some researchers, 
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however, consider O. nivara to be an annual ecotype of O. rufipogon (Cheng et al., 2003; 
Sweeney and McCouch, 2007). 
Of the two domesticated species, Oryza sativa is cultivated in a wide geographical 
area globally, but Oryza glaberrima is grown only in West Africa (Sweeney and 
McCouch, 2007; Vaughan et al., 2003). The wild species, O. rufipogon is geographically 
distributed in Asia and Oceania, whereas O. barthii and O. longistaminata are endemic in 
Africa (Sweeney and McCouch, 2007; Vaughan et al., 2003). It is therefore postulated 
that the Asian cultivated rice, O. sativa originated from O. rufipogon, while the African 
rice, O. glaberrima originated from O. barthii (Sweeney and McCouch, 2007; Vaughan 
et al., 2003). 
O. sativa is further divided into two main sub-species, japonica and indica based 
on their geographic distribution, hybrid partial sterility, morphology and some other 
molecular characteristics. There appears to be no consensus on the domestication of these 
two sub-species of Asian rice. The various theories put forward to explain the 
domestication of Asian rice by various researchers could be grouped into two, either as a 
single or multiple origin of domestication (Bres-Patry et al., 2001; Fuller, 2012; He et al., 
2011; Huang et al., 2012; Molina et al., 2011). 
Molina et al. (2011) revealed in support of the single origin theory that a 
demographic analysis based on a resequencing of 630 gene fragments on chromosomes 8, 
10, and 12  showed single-nucleotide polymorphisms (SNPs) patterns that strongly 
suggest a single domestication origin of Asian rice. Huang et al. (2012), in contrast to the 
findings of Molina et al. (2011), found evidence in support of the multiple origin theory. 
Using a geographically diverse mixture of 446 accessions of O. rufipogon and 1083 
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cultivated varieties of indica and japonica sub species, a comprehensive map of rice 
genome variation was obtained that revealed 55 selective sweeps that occurred during 
domestication (Huang et al., 2012). These 55 selective sweeps further revealed that O. 
sativa japonica was directly domesticated from O. rufipogon in the middle area of the 
Pearl River in southern China, whereas O. sativa indica types later originated through the 
hybridization between japonica rice and local wild rice in South East and South Asia 
(Huang et al., 2012).  
Weedy or red rice is a conspecific relative of cultivated Asian rice that is gaining 
prominence as a notorious weed in many rice-growing areas (Bres-Patry et al., 2001; 
Shivrain et al., 2010; Vaughan et al., 2003). Weedy rice occurs where wild rice is not 
found, hence it is believed that weedy rice evolved through de-domestication or 
degeneration of domesticated rice (Bres-Patry et al., 2001; Vaughan et al., 2003). 
Compared to cultivated rice, weedy rice shows vigorous early growth, taller 
canopies with high lodging susceptibility, higher tillering capacity, strong seed 
dormancy, higher seed shattering, red pericarp pigmentation, and asynchronous 
maturation of grains (Bres-Patry et al., 2001; Burgos et al., 2006; Shivrain et al., 2010; 
Vaughan et al., 2003). 
The complete genome sequence of rice was assembled in 2005 with a size of 
about 389 Mb, and a predicted protein coding genes of about 37,544 (International Rice 
Genome Sequencing Project, 2005). Also, about 35% of the sequenced genome was 
found to be transposable elements, and about 80,127 polymorphic sites were observed to 
differentiate japonica and indica sub species of rice (International Rice Genome 
Sequencing Project, 2005). 
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1.2.5 Silencing of plant genes using RNAi and CRISPR/Cas9 systems 
The capacity to silence known genes and edit the genomes of living organisms for 
specific purposes has long been desired in plant molecular biology and genetics research. 
The availability of such cutting-edge techniques has revolutionized the field of reverse 
genetics, where researchers seek to link gene functions to phenotypes. 
RNA interference (RNAi) and recently, CRISPR/Cas9 (Clustered Regularly 
Interspaced Short Palindromic Repeats; CRISPR-associated protein 9), have become the 
most popular gene silencing tools of choice for most researchers (Agrawal et al., 2003; 
Baulcombe, 2004; Bortesi and Fischer, 2015; Doudna and Charpentier, 2014; Jinek et al., 
2012; Molnar et al., 2011; Schwab and Voinnet, 2010). 
Silencing genes via RNAi mechanism entails the action of a ribonuclease (RNase) 
III-like endonuclease enzyme called dicer to generate small RNA duplexes from double-
strand RNA (dsRNA) (Figure 1.1) (Baulcombe, 2004; Baulcombe, 2007; Molnar et al., 
2011; Watson et al., 2005). The generated small RNA duplexes (sRNA) comprise small-
interfering RNAs and micro RNAs. Once generated, these sRNA form a silencing 
complex with another endonuclease enzyme termed argonaute by association (Figure 
1.1). The argonaute protein present in the just formed RNA-induced silencing complex 
(RISC) then uses one strand of the sRNA duplex (the guide strand) to degrade matured 
mRNA of targeted genes based on DNA base pairing rules (Figure 1.1) (Baulcombe, 
2004; Hannon, 2002; Molnar et al., 2011). RNAi gene silencing is a post-transcriptional 
gene silencing pathway and does not guarantee a complete silencing of the target genes, 
but rather, reduces the transcript levels of the target genes to repress its level of 
expression.  
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Fig. 1.1. Scheme showing RNA interference gene silencing mechanism. IRS: Inverted 
Repeat Sequence to trigger RNAi pathway; RB: Right border of TDNA, LB: Left border 
of TDNA; dsRNA: hairpin double strand RNA; AGO: Argonaute protein; RISC: RNA-
induced silencing complex. Figure 1.1 was modified from Ossowski et al. (2008) and 
Watson et al. (2005).  
Gene silencing effected through the CRISPR/Cas9 system is actually a genome 
editing tool for creating site-directed and sequence-specific mutations that may lead to 
gene knockouts if the induced mutations occurred in the exon regions (Belhaj et al., 2015; 
Doudna and Charpentier, 2014; Jinek et al., 2012; Sander and Joung, 2014). In the 
CRISPR/Cas9 system, a very critical step is the creation of DNA double-strand breaks 
(DSBs) at the specific site where mutations are to be induced. The Cas9 nuclease protein 
creates these DSBs with the help of a transcribed RNA duplex structure, which is made 
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up of a CRISPR RNA (crRNA) and trans-acting CRISPR RNA (tracrRNA) (Jinek et al., 
2012).  The crRNA component of the duplex RNA structure consists of a repeat sequence 
and a protospacer sequence that is complementary to the target site (Figure 1.2). The 
Cas9 nuclease protein only cleaves a target site if it matches the protospacer sequence 
and if the target site lies immediately adjacent to a short DNA motif sequence called the 
protospacer adjacent motif (PAM) that is usually of the signature NGG (Doudna and 
Charpentier, 2014; Jinek et al., 2012; Sander and Joung, 2014).  
 
Fig. 1.2. Components of the CRISPR/Cas9 system and the mechanism for Cas9 to induce 
double strand break (DSB) at a target site as defined by the protospacer sequence on the 
sgRNA. A. Gene model of target gene (SD7-1, Gu et al., 2011). Filled boxes: exons; open 
boxes: 3ˊ untranslated region; dash line segments: introns; black arrow indicate target site 
for Cas9. B. CRISPR/Cas9 system designed to cause DSB in target site of SD7-1. PAM: 
Protospacer Adjacent Motif; sgRNA: single guide RNA. Black arrowheads indicate Cas9 
cleavage site to create DSB. Figure 1.2 was modified from Doudna and Charpentier 
(2014); Sander and Joung (2014).   
A. 
B. 
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Thus, if another DNA sequence matches the protospacer sequence but does not lie 
adjacent to a PAM sequence, Cas9 would not cleave it, which underscores the specificity 
of the CRISPR/Cas9 system. 
The presence of DSBs in any cell triggers two known endogenous repair 
pathways, namely: non-homologous end joining (NHEJ) and homology-directed repair 
(HDR) (Belhaj et al., 2015; Bortesi and Fischer, 2015). The NHEJ pathway utilizes DNA 
ligases to rejoin separated ends but it is error-prone and may consequently lead to 
imperfect repairs. Imperfect DNA repairs induce point mutations in the form of random 
base insertions, deletions, and substitutions that may lead to a reading frameshift and 
change in gene function  (Hsu et al., 2014; Ma et al., 2015b). 
1.2.5.1 Applications of RNAi technique in plants 
Since the unraveling of the molecular mechanisms underlying RNAi, the 
technique has been widely applied to validate or confirm the function of known genes in 
plant molecular biology research. Beyond this basic application of the RNA silencing 
technique, plant researchers have used it in diverse areas, which can be broadly 
categorized as boosting plant defenses against pest attacks, and modification of metabolic 
pathways for a much-desired product (Eamens et al., 2008).  
The earliest application of RNA silencing was in the development of virus-
resistant transgenic crops for potatoes against the Potato leafroll virus by Monsanto and 
resistant transgenic papaya against the Papaya ringspot virus (PRSV) (Fuchs and 
Gonsalves, 2007). Similarly, a hairpin RNA-encoding construct, driven by the maize 
ubiquitin promoter was designed to target the 5ˊ end of the Barley yellow dwarf virus 
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(BYDV) which conferred absolute immunity to transgenic barley lines (Wang et al., 
2000). 
Apart from viruses, the RNAi technology was applied to produce transgenic crop 
lines resistant against other disease-causing pathogens such as bacteria. Escobar et al. 
(2001) used RNAi technology to silence two oncogenes of the crown gall causing 
bacterium, Agrobacterium and produced tomato lines that were resistant to the disease. 
Similar applications of RNAi technology against plant parasitic nematodes were reported 
for various crops (Fairbairn et al., 2007; Hoffman et al., 2008).  
RNAi technology has also been widely used to reshape metabolic pathways in 
different crops. The technique was used to enhance the oil quality of cotton seed oil (Liu 
et al., 2002).These researchers used a hairpin RNA construct to repress two desaturase 
enzymes in the biosynthetic pathway of fatty acids to produce a high-quality cottonseed 
oil with low-density lipoprotein cholesterol-raising properties (Liu et al., 2002). Regina et 
al. (2006) also demonstrated the versatility of RNAi technology by using it to improve 
the starch composition of wheat by altering the amylose-amylopectin ratio to ameliorate 
the high incidence of cardiovascular disease and colon cancers. 
Besides using RNAi technology to enhance the nutritive value of crop plants, 
other researchers have applied it to modify the photosynthetic pathways in algae to 
increase their bioreactor yields (Mussgnug et al., 2007).  Similarly, the RNAi technology 
was used to alter the morphine pathway in opium poppies to increase the yield of 
pharmaceutically relevant compounds (Allen et al., 2004). 
The RNAi technique has been used to develop a transgenic mitigation strategy to 
reduce the risk of transgene flow from transgenic crops expressing crop protection traits 
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to their weedy or wild conspecific relatives (Li et al., 2013; Liu et al., 2012; Zhang et al., 
2014).  
1.2.5.2 Application of CRISPR/Cas9 technology for genome editing 
The CRISPR/Cas9 technique for genome editing is new compared to the RNAi 
technology. The CRISPR/Cas9 technique can equally be utilized in the same manner the 
RNAi technology has been applied, and even more for genome engineering. Hsu et al. 
(2014) defined genome engineering as “the process of making targeted modifications to 
the genome, its contexts (e.g., epigenetic marks), or its outputs (e.g., transcripts).” The 
ability to carry out genome engineering easily in plants offers great potential for crop 
improvement and biotechnology advancement.  
Unlike RNAi technology, the CRISPR/Cas9 technique may cause complete 
silencing of target genes. This property makes this technology an ideal reverse genetics 
technique for loss-of-function analysis of genes. Currently, the applicability of the 
technique for creating heritable site-specific mutations has been demonstrated in various 
plant species such as Arabidopsis, rice, tobacco, wheat, sorghum, tomato, among others 
(Baltes et al., 2014; Bortesi and Fischer, 2015; Brooks et al., 2014; Fauser et al., 2014; 
Jiang et al., 2013; Ma et al., 2015b; Mikami et al., 2015; Upadhyay et al., 2013; 
Zhengyan et al., 2014). 
The CRISPR/Cas9 technology compared to other genome editing methods is 
highly amenable to multiplexing (i.e., editing multiple gene targets simultaneously) due 
to its small size (Belhaj et al., 2013; Cong et al., 2013; Ma et al., 2015b). This unique 
feature of CRISPR/Cas9 technology allows the deletion of large chromosomal segments 
or cluster of genes for studies (Zhou et al., 2014). 
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In addition to gene knockout, the CRISPR/Cas9 system, based on the HDR 
pathway, offers the promise of ‘knocking-in’ DNA fragments, such as tags or new 
domains, as well as allele replacements and recoded genes for specific desired outcomes 
(Belhaj et al., 2015). However, HDR-mediated gene knock-in in plants has been a 
challenge (Belhaj et al., 2015). Schiml et al. (2014) demonstrated the HDR-mediated 
gene knock-in in Arabidopsis by integrating a resistance cassette into the ADH1 locus of 
the model plant.  
Recently, the CRISPR/Cas9 system was modified to cause gene drives or 
mutagenic chain reactions that resulted in biased inheritance of  Cas9 nuclease-induced 
mutations in subsequent generations in Drosophila (Gantz and Bier, 2015). This 
CRISPR/Cas9 gene drive system was subsequently used to control wild populations of 
mosquitoes by creating transgenic mosquitoes carrying antipathogen effector genes 
targeting human malaria parasites (Gantz et al., 2015). The CRISPR/Cas9 gene drive 
system was demonstrated to cause biased inheritance in yeast (DiCarlo et al., 2015). 
1.2.6 Population genetics of transgene flow 
The Hardy-Weinberg (H-W) principle is a null model that describes a simple 
relationship between the gene (allele) frequencies and the genotype frequencies of a 
given population (Falconer, 1989; Gillespie, 2004). The principle states that in a large 
random-mating population with no selection, mutation, or migration, the allele and 
genotype frequencies remain constant from generation to generation (Falconer, 1989; 
Gillespie, 2004). 
 A population is in a genetic equilibrium if the allele and genotype frequencies 
meet the expectations as stated above. If the frequencies of two alleles (A1 and A2) for an 
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autosomal locus in a diploid species are p and q respectively in the parent generation, 
then the expected genotype frequencies in the progeny are p2 (for A1A1), 2pq (for A1A2) 
and q2 (for A2A2). For a diploid species, 
𝑝 +  𝑞 =  1, and 𝑝2  +  2𝑝𝑞 + 𝑞2 =  1                                                             (Equation 1.1) 
The relationship above refers to any gene at an autosomal locus for a diploid 
species, and that, the conditions of random mating and no selection necessary for genetic 
equilibrium refer only to the genotypes under consideration. It is equally important to 
note that for a population to be in genetic equilibrium, the alleles must normally 
segregate during gamete formation with equal frequencies and equal fertilizing capacity 
in both males and females. Furthermore, the relation above would only hold true if the 
parents have equal fertility, and the zygotes formed upon random mating have equal 
viability and survival to adulthood (Falconer, 1989; Gillespie, 2004). If these conditions 
hold true, then the frequency of alleles in the adult progeny would be equal to the gene 
frequencies in the parent generation (eg. the frequency of A1 would be 
 𝑝2  + 1 2⁄ (2𝑝𝑞) = 𝑝(𝑝 + 𝑞) =  𝑝, since 𝑝 + 𝑞 = 1                                       (Equation 1.2) 
This proves that the allele frequency remains unchanged from the parent generation.  
For autosomal loci considered separately, it takes one generation of random 
mating for genotype frequencies to reach equilibrium. However, when two or more loci 
are considered together, it would take more than one generation to attain equilibrium of 
genotype frequencies. The attainment of equilibrium would depend on factors such as the 
genetic recombination between the loci under consideration, selection favoring one 
combination of alleles over another and the population size (Falconer, 1989; Gillespie, 
2004).  
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A concept of disequilibrium, therefore, arises when jointly considering more than 
one autosomal locus in H-W equilibrium. This disequilibrium is referred to as gametic 
phase disequilibrium or linkage disequilibrium, and it can occur whether the loci under 
consideration are linked or not. If the loci are linked, it will take a long time to reach 
genetic equilibrium because the probability of a gamete passing through a generation 
without recombination increases with linkage. 
Another important concept of the H-W principle is the concept of fitness 
(Falconer, 1989). The H-W null model assumes that all genotypes have equal survival 
and reproductive rates, and thus, contribute gametes equally to the gene pool in the next 
generation. However, a population under selection pressure would cause differential 
reproductive rates that would result in some genotypes out-reproducing others. These 
individuals favored by selection would then have a fitness advantage over the others in 
the population (Falconer, 1989). A population under selection would result in a change in 
allele frequencies, which in turn depends on genotype fitness since selection acts on 
genotypes or phenotypes but not alleles per se.  
If the fitness of genotypes could be ascertained, then it follows that fitness can be 
accounted for in the H-W equilibrium equation above to estimate the change in allele 
frequency when a population is under selection. Assuming that fitness is represented as 
w, then the fitness of A1A1, A1A2 and A2A2 genotypes would be w11, w12, and w22,  
respectively. Since the three genotypes have unequal fitness, it is imperative to estimate 
an average fitness (?̅?) for all genotypes by multiplying the fitness of each genotype to its 
genotype frequency and summing across genotypes as follows:      
?̅? =  𝑝2𝑤11 +  2𝑝𝑞𝑤12 + 𝑞
2𝑤22                                                                          (Equation 1.3) 
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The genotypic frequency change as influenced by the fitness of each genotype relative to 
the average fitness is derived as follows: 
𝑝2𝑤11
?̅?
 for (𝐴1𝐴1),
2𝑝𝑞𝑤12
?̅?
 for (𝐴1𝐴2)  and    
𝑞2𝑤22
?̅?
 for (𝐴2𝐴2)       (Equation 1.4) 
The new frequency of A1 alleles (𝑝′) could be estimated as all A1 gametes in relation to 
the A1A1 genotype frequency multiplied by its relative fitness plus A1A2 frequency 
multiplied by its relative fitness as shown below: 
𝑝′ =
𝑝2𝑤11 +  𝑝𝑞𝑤12
?̅?
                                                                                             (Equation 1.5)  
The allele frequency change for A1 (Δp) accounted for by differences in fitness is 
obtained as the difference between the old allele frequency, p and the new allele 
frequency, 𝑝′ as depicted below: 
∆𝑝 = 𝑝′ − 𝑝 =
𝑝2𝑤11 +  𝑝𝑞𝑤12
?̅?
 – 𝑝 
=
𝑝2𝑤11 +  𝑝𝑞𝑤12
?̅?
 –
𝑝?̅?
?̅?
 
=  
𝑝2𝑤11 +  𝑝𝑞𝑤12 − 𝑝?̅?
?̅?
 
=   
𝑝
?̅?
 (𝑝𝑤11 + 𝑞𝑤12 − ?̅?)                                                                                      (Equation 1.6) 
Similarly, the allele frequency change for A2 (Δq) is given by: 
∆𝑞 = 𝑞′ − 𝑞 =
𝑞2𝑤22 +  𝑝𝑞𝑤12
?̅?
 – 𝑞 
=   
𝑞
?̅?
 (𝑞𝑤22 + 𝑝𝑤12 − ?̅?)                                                                                     (Equation 1.7) 
It follows from the above equations that if the A1 allele is dominant over A2 or that A2 is 
a lethal allele in the presence of the selection agent, then, the frequency of A1 in the 
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population would increase rapidly over time until the A2 allele becomes rare in the 
population.  
Assuming the A1 allele is an introgressed herbicide resistance transgene in a 
weedy population, in the presence of the selection agent, this allele would become the 
most common over few generations because of the fitness advantage it has over the other 
allele (Hails and Morley, 2005; Haygood et al., 2004). The goal of TM strategy is, 
therefore, to neutralize this fitness advantage so as to reduce the frequency of an escaped 
transgene significantly in wild or weedy populations (Gressel, 2015).  
1.3 Rationale and objectives of this study 
Other researchers have long suggested the use of seed dormancy as a mitigating 
trait in developing a TM strategy, but there has been no practical experimentation to 
prove this concept (Daniell, 2002; Gressel, 1999). This was due to the scant information 
that was available on the molecular mechanisms underlying seed dormancy in crop 
plants. In recent years, however, a significant insight has been gained into the molecular 
mechanisms of seed dormancy using model plants such as Arabidopsis (Bentsink et al., 
2010; Bentsink et al., 2006; Finkelstein et al., 2008; Ma et al., 2009; Nakajima et al., 
2006; Zheng et al., 2012) and rice (Gu et al., 2011; Gu et al., 2005b; Gu et al., 2008; Ye 
et al., 2013; Ye et al., 2015; Ye et al., 2010).  
The suitability of SD as a candidate-mitigating trait in a TM strategy is based on 
the fact that SD is of utmost importance to weeds or wild plants but less important in 
cultivated crops. Rapid germination and growth are desired for crop production; thus, SD 
becomes an undesirable attribute. However, some degree of dormancy is advantageous, at 
least, during seed development to prevent vivipary and pre-harvest sprouting before 
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harvest (Fang and Chu, 2008; Liu et al., 2013). Extensive domestication and breeding of 
crop species have removed most natural dormancy mechanisms from cultivated crops, 
although under adverse environmental conditions, secondary dormancy may appear in 
seeds.  
The use of seed dormancy as a mitigating trait in developing a TM strategy is a 
two-way benefit approach; in the sense that, a SD-mediated TM strategy would 
simultaneously reduce the risks of transgene flow and weed persistence.  
This study used a rice-weedy rice model to test the feasibility of using SD as a 
mitigating trait to reduce the risk of transgene flow. This choice was based on the fact 
that rice has a relatively small well annotated genome size (~389 Mbp) (International 
Rice Genome Sequencing Project, 2005),  and it is closely related to other major cereals, 
making it an important model species for biological research for monocots (Collard et al., 
2008). 
The functional genes for most detected SD QTL naturally enhance the degree of 
SD in weedy rice; hence, reducing the degree of dormancy in weedy rice lines would 
require silencing these SD loci.  In the present study, RNAi and a CRISPR/Cas9 system 
were used to silence SD genes as a mitigating factor in our TM construct. 
The working hypothesis in the current study was that a weedy rice line possessing 
the glufosinate herbicide resistance transgene (Bar), which is coupled tandemly with a 
SD silencing construct would have its functional SD gene(s) repressed resulting in a 
reduced fitness and persistence in the environment. Seeds obtained from such a line 
would, therefore, show increased germination rate within a given after-ripening window 
in comparison to a control treatment without the TM construct. 
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This research aimed to prove the concept of silencing SD gene-mediated TM 
strategy.  The specific objectives of this research were: 1) to evaluate silencing effects of 
an RNAi-mediated TM strategy on seed dormancy in weedy rice, and 2) to evaluate the 
mutagenic effects of a multiplexed CRISPR/Cas9-based TM strategy on seed dormancy 
genes in weedy rice. 
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Chapter 2 Evaluation of Silencing Effects of an RNAi-Mediated Transgenic 
Mitigation Strategy on Seed Dormancy in Weedy Rice 
2.1  Introduction 
The risk of transgene flow from a genetically modified (GM) crop into 
wild/weedy relatives can be mitigated by linking a fitness-reducing factor to the 
transgene (Gressel, 1999).  Seed dormancy (SD) enhances plant adaptation by 
distribution of germination over time. Several genes with major effects on SD have been 
cloned from weedy rice and characterized for molecular function. Thus, silencing these 
naturally occuring SD genes would reduce the adaptability and persistence of weeds in 
the field, but would have neutral and inconsequential effects on cultivated crops. 
In rice, major SD QTL that have been identified and map-based cloned from 
weedy rice include qSD7-1, qSD7-2 and qSD12 (Gu et al., 2011; Gu et al., 2008; Ye et al., 
2010). As revealed by Gu et al. (2011), SD7-1 encodes a basic-helix-loop-helix (bHLH) 
transcription factor that was shown to upregulate key genes in the biosynthesis of 
flavonoids in the pericarp as well as the biosynthesis of the primary dormancy inducing 
hormone, ABA in weedy rice.  
In a previously conducted preliminary research, a TM strategy was tested by 
designing a tandem construct, which consisted of an RNAi cassette targeting SD7-1 linked 
to the glufosinate resistance transgene, Bar. Derived transgenic rice plants were crossed 
to an isogenic rice line with functional SD7-1 gene to mimic transgene flow. The ensuing 
progenies with SD enhancing SD7-1 gene that received the TM construct were evaluated 
for silencing effects of the RNAi cassette on degree of dormancy under greenhouse 
conditions, and were found to exhibit significantly reduced SD. 
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Subsequent to this observation in the above preliminary study, it was 
hypothesized that the silencing effects of the TM construct could be maximized if it is 
designed to target two or more functional SD genes in weedy rice. The objective of this 
research was to test the above hypothesis by evaluating the silencing effects of TM 
constructs designed to target either two or three SD genes in weedy rice. 
2.2  Materials and Methods 
 To test the above hypothesis, TM constructs were designed to target either two or 
three SD genes in weedy rice, and were used for plant transformations. Derived 
transgenic rice plants with the cv Nipponbare genetic background were crossed to the 
weedy rice line, Ludao to simulate transgene flow. Progenies with SD enhancing genes 
that received the TM construct were evaluated in different advanced generations for 
silencing effects of the RNAi cassette on degree of dormancy under greenhouse and field 
conditions. 
2.2.1  Design of the Bar::IRSSD7-1::IRSSD12 TM construct  
The TM construct consisted of the glufosinate herbicide resistance transgene, Bar 
(i.e. Bialaphos resistance), tandemly linked to inverted repeat sequences (IRS) of SD7-1 
and SD12 from weedy rice. IRS are the forward and reverse complement of nucleic acids 
arranged in an opposing orientation with the potential of creating a hairpin RNA loop 
structure when transcribed. The protocol for the design of the TM constructs followed 
that reported by Miki and Shimamoto (2004) (Figure 2.1).  
To obtain hairpin RNA for the simultaneous suppression of SD7-1 and SD12 SD 
genes, primers were designed to amplify 270 bp and 260 bp fragments of the cDNA 
respectively for SD7-1 and SD12. The forward primers (Appendix 2.1) used for the PCR 
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amplification of these RNA silencing trigger sequences contained CACC at the 5ˊ end to 
warrant TOPO cloning. The two separately amplified trigger sequences were then aligned 
together as one contiguous sequence using overlap extension PCR.   
 
Fig. 2.1. Design of the tandem construct Bar::IRSSD7-1:: IRSSD12.  The construct consisted 
of the Bar transgene and inverted repeat sequences (IRS) of SD7-1 and SD12 SD genes in 
weedy rice. From right border (RB) of TM construct, NPT II: Kanamycin resistance 
gene; Ubq pro.: Maize ubiquitin1 promoter; red and black arrows representing IRS of 
SD7-1 and SD12 with gus linker; NOSt: NOS terminator, Bar gene with Ubq pro.; HPT: 
Hygromycin resistance gene, and left border (LB).  
The overlapped sequence was afterwards cloned into the Gateway entry clone, 
pENTR/D-TOPO cloning vector (Invitrogen) (Figure 2.1). The Gateway pENTR/D-
TOPO cloning vector has two recombination sites (attL1 and attL2) for LR clonase 
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reaction with the destination vector, pANDA (Appendix 2.2) (Figure 2.1). The pANDA 
destination vector carries an attR recombination site positioned at both sides of a gus 
linker in the sense and antisense orientations (Miki and Shimamoto, 2004).  
The PCR-derived trigger sequence carried by the entry clone was then transferred 
to the pANDA destination vector to generate IRS at the attR recombination sites (attB1 
and attB2) flanking the gus linker region in a recombinase reaction (Figure 2.1). The IRS 
were driven by the the maize ubiquitin (Ubq) promoter to produce hairpin RNA to trigger 
RNA silencing of the targeted SD genes. The pANDA vector was also modified to carry 
the Bar gene that was driven by its own Ubq promoter. The pANDA vector was used for 
Agrobacterium-mediated transformation and was fitted with kanamycin and hygromycin 
resistance marker genes for selection (Miki and Shimamoto, 2004).  
Similarly, a TM vector construct with an RNAi silencing cassette targeting three 
SD genes (SD7-1, SD7-2 and SD12) were designed following the above-described 
procedures. The size of the TM constructs within the left and right borders of the pANDA 
vector was ~ 6.6 and 6.8 kb respectively for the two and three SD target genes constructs.  
The two designed TM vector constructs were used for Agrobacterium-mediated 
plant transformations at the Plant Transformation Facility, Iowa State University, Ames, 
using the rice cv Nipponbare. The two groups of regenerated T0 plants for the two TM 
constructs are hereafter referred to as two-locus and three-locus TM models, respectively 
for TM constructs targeting two and three SD genes in weedy rice. Seven and eight 
independent transgenic events were produced respectively for the two-locus and three-
locus TM models. 
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2.2.2  Evaluation of T0 transgenic plants and hybridization with weedy rice 
Plant tissue culture derived T0 plants for the two TM models were hardened and 
transplanted to soil media in the green house. All plants were tested for hygromycin and 
glufosinate herbicide resistance, and were all found to be resistant to these herbicides.  
In order to identify the number of copies of inserted TM construct for each 
independent transgenic event, a southern blotting procedure was performed using probes 
designed to hybridize with the hygromycin HPT resistance gene. Transgenic events with 
single copies of the inserted TM constructs (Appendix 2.3) were selected for the two TM 
models for hybridization with the weedy rice line, Ludao. The T0 plants, 2Lo-Tr-07 and 
3Lo-Tr-06, respectively for the two-locus and three-locus TM models, had single copies 
of the inserted TM constructs, hence, were crossed to Ludao to simulate transgene flow. 
The F1 generations segregated into two phenotypic groups, herbicide resistance 
(F1-HR) and herbicide susceptible (F1-HS) groups, as the T0 plants were hemizygous at 
the insertion locus of the transgenes (Figure 2.2).  
In all generations, seeds were harvested at 40 days after flowering, and were kept 
under ambient greenhouse temperature for three days to equilibrate seed moisture content 
before storing at -20 °C to maintain primary dormancy until ready for use. 
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Fig. 2.2. Breeding scheme used to develop hybrids and segregating populations used for 
evaluating silencing effects of TM constructs on degree of seed dormancy genes in 
weedy rice. Mimicking transgene flow by crossing transgenic rice with Bar transgene 
with the weedy rice line, Ludao to generate F2, F3 and F4 progenies with or without TM 
constructs. T0 Nipponbare rice plant was hemizygous at the TM construct insertion locus 
and had dormancy-decreasing alleles at the SD7-1 and SD12 loci. HR: herbicide resistant; 
HS: herbicide susceptible. 
2.2.3  Progeny evaluation in the F2 seed population 
From Figure 2.2, F1 plants were advanced to the F2 for each herbicide resistance 
phenotypic group to yield F2-HR and F2-HS populations. Similarly, since the F1-HR was 
heterozygous at the insertion locus, it would be expected to segregate into herbicide 
resistant (HR) and herbicide susceptible (HS) phenotypic groups in the F2-HR population. 
The loci, SD7-2 and SD12 are embryo-imposed SD genes unlike SD7-1, which is 
maternally imposed. Thus, at the SD7-2 and SD12 loci, the genotypic or allele frequencies 
in the HR and HS phenotypic groups in the segregating F2-HR population would be 
T0 Nipponbare rice 
F1-HS F1-HR 
& 
Ludao (Weedy rice) 
F2-HS F2-HR 
F4 
× 
F3 
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expected to be significantly different from each other upon germination of partially after-
ripened seeds. Genotype and allele frequencies in the HR and HS phenotypic groups were 
thus determined for partially after-ripened F2 seeds (segregating F2-HR population) 
harvested from the F1-HR plants (Figure 2.2) in the greenhouse.  
About 3200 and 3000 dormant seeds derived from the F2-HR population 
respectively for the two-locus and three-locus TM models were sown in a large soil 
container in the greenhouse. A partial after-ripening treatment was imposed using a 30-
day intermittent watering and drying cycle. In the first 30 days after sowing the seeds, the 
soil was kept moist by watering when necessary. Watering was curtailed after the first 30 
days for the soil media to dry for another 30-day period. This treatment divided the sown 
seeds into germinated and non-germinated subpopulations. The number of germinated 
seeds during this 30-day watering period were recorded, and the seedlings were 
transplanted to a water mineral nutrient solution that could support seedling growth. 
These germinated seeds constituted the first batch of seedlings. The remaining non-
germinated subpopulation of seeds after the first 30 days of watering were subsequently 
germinated to constitute the second batch of seedlings. To obtain the second batch of 
seedlings, watering was resumed after the soil medium was dried for 30 days. Seedlings 
for the second batch of germinated seeds were also transplanted to a water mineral 
nutrient solution.  
To identify the HR and HS groups among the first and second batches of 
seedlings, a hygromycin resistance test was performed. DNA was then extracted from 
these plants using a chloroform protocol. The extracted DNA was used for marker-
genotyping following procedures described by Gu et al. (2004) to ascertain the genotype 
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and allele frequencies for the SD7-2 and SD12 loci. For the two-locus TM model, the 
marker, hap54 for SD12 was used for the marker-genotyping. In the three-locus TM 
model, the SSR marker, RM21790 was used for SD7-2 in addition to the above named 
hap54 marker for SD12. 
In the polymerase Chain Reaction (PCR) analysis, extracted DNA was diluted in 
double distilled water (ddH2O) depending on the concentration to 50ng/µL. The PCR 
analysis was run using a 20µL reaction volume in a 96 well plate. Each PCR reaction 
volume consisted of 3µL of template DNA, 1µL of forward and reverse primers (0.5µL 
each at a concentration of 20 µM), 1 µL of dNTPs (200 µM), 1 µL of MgCl2 (1.5 mM), 4 
µL of green thermophilic buffer, 1 µL (0.2 units) of Taq polymerase, and 9 µL of ddH2O. 
Thermal cycling settings used were initial denaturation at 94 oC for 2.5 min, and 40 
cycles of 94 oC for 30sec denaturation, 55 oC for 30 sec primer annealing, and 72 oC for 1 
min extension, and a final extension at 72 oC for 10 min.  
PCR products were afterwards separated on a 6% non-denaturing polyacrylamide 
gel, which was stained with ethidium bromide to enable band visualization under UV 
light.  
2.2.4  Progeny evaluations in the F3 and F4 generations  
As hypothesized, genotypes with dormancy increasing alleles that received the 
TM constructs upon transgene flow (i.e. HR genotypes) would be expected to exhibit 
significantly reduced degrees of dormancy in comparison to their counterparts with same 
genotypes but without TM constructs (i.e. HS genotypes).  
To evaluate the degree of dormancy between HR and HS genotypic groups, three 
genotypes with fixed variation at the SD7-1 and SD12 loci, namely, SD7-1
DD/SD12
dd, SD7-
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1
dd/SD12
DD, and SD7-1
DD/SD12
DD were selected from the above marker-genotyped HR and 
HS F2 sub-populations (i.e. six sub-populations in total).  
The genotype, SD7-1
DD/SD12
dd is homozygous for dormancy increasing alleles at 
the SD7-1 locus but homozygous for dormancy decreasing alleles at the SD12 locus. In 
contrast, the genotype, SD7-1
dd/SD12
DD is homozygous for dormancy reducing alleles at 
the SD7-1 locus but homozygous for dormancy enhancing alleles at the SD12 locus. 
Similarly, the SD7-1
DD/SD12
DD genotype is double homozygous for dormancy increasing 
alleles at both SD7-1 and SD12 loci. 
These selected genotypes were advanced to the F3 generations. The number of 
plants advanced to the F3 for the selected genotypic classes ranged from 13 to 28 for both 
the HR and HS sub-populations. F3 seeds harvested from these F2 plants from both the 
HR and HS sub-populations were used to evaluate the degree of dormancy using three 
after-ripening treatments. Harvested seeds were after-ripened under ambient laboratory 
temperature (22 °C) for 7, 14 and 21 days, after which germination tests were performed 
following standard germination protocols. Seeds for these three after-ripening treatments 
were placed in Petri dishes lined with Whatmann filter paper. About 10 mL of distilled 
water was added to the seeds in each petri dish, which were afterwards placed in a 
germination chamber programmed to provide 24 h of darkness and 30 oC of temperature. 
The number of germinated seeds was recorded on day seven of water imbibition in the 
germination chamber. Germinated seeds were counted based on the definition of 
germination sensu stricto (the imbibition of water followed by the protrusion of the 
radicle from the hull).  
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Similarly, selected plants for these three genotypic classes for the HR and HS 
populations in the F3 were advanced to the F4 to ascertain the degree of dormancy after 
10 days of after-ripening as described above. 
2.2.5  Gene expression analysis 
Total RNA was extracted from embryos at 10-day-old post anthesis (DPA) using 
three biological replicates obtained from the SD7-1
DD/SD12
DD HR and HS genotypic 
groups to compare their transcriptional profile for SD7-1 and SD12 with the ACTIN gene as 
control. Reverse transcription of RNA to cDNAs was done using 1 µg of the extracted 
RNA. The qRT-PCR was performed using designed primers based on the cv Nipponbare 
genome annotation release 7 (Kawahara et al., 2013), and Power SYBR Green PCR 
Master Mix (Applied Biosystems). PCR amplifications were done in the ABI 7900HT 
Fast Real-Time PCR System. 
2.2.6  Progeny evaluation under field conditions  
Dormant F2 seeds harvested from F1 plants for the HR and HS groups for the 
three-locus were processed for a seed burial experiment. In the fall 2014 (October 2014), 
two sets of seeds were processed for two burial treatments, surface and 20 cm below soil 
surface burial. Each treatment combination of seed type and burial treatment had 15 
replicates that were packaged individually into perforated 50 mL plastic centrifuge tubes.  
The seed burial experiment was carried out in one of the rice fields at the 
Missouri Rice Research Station, Malden, Missouri State, USA 
(36°34′19″N 89°58′16″W). Seeds were retrieved in spring 2015 (April 2015) after one 
season of winter. Retrieved seeds were air-dried for seven days due to their wetness. 
Seeds were first cleaned under tap water to remove all visible soil and other 
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contaminants. Field germinated seeds were counted for each treatment combination for 
all replicates as well as decayed seeds and seeds that were still intact after over-wintering. 
Among the field germinated seedlings, a portion was saved to test for hygromycin 
resistance and also determine allele and genotype frequencies among the field germinated 
seedlings for the targeted SD loci. Marker-genotyping was carried out as described 
previously. Germination tests were performed for intact seeds retrieved for the different 
treatment groups in the seed burial experiment by following standard germination 
protocols as described previously. A proportion of the germinated intact seeds were kept 
for hygromycin resistance assaying and marker-genotyping to ascertain allele and 
genotype frequencies among the germinated intact seeds.  
Prior to the seed burial experiment in the field, F2 seeds harvested for the HR and 
HS groups were evaluated for degree of dormancy in the laboratory using 11, 40 and 90 
days of after-ripening treatments. Standard germination tests were conducted by placing 
after-ripened seeds on moist filter papers lined in Petri dishes, and were afterwards kept 
in an incubator programmed to provide a constant temperature of 30 oC under no light 
conditions. Germinated seeds based on radical protrusion from the hull were counted on 
the seventh day of water imbibition in the incubator observation. 
2.2.7  Statistical analysis 
2.2.7.1  Logistic regression of germination data 
Germination data are count data expressed as proportions which are strictly 
bounded (Crawley, 2013). That is, germination can never be less than 0% or greater than 
100%. Germination data based on radical protrusion from the hull are binomial data with 
only two outcomes: germination events and non-germination events out of a total number 
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of seeds. Thus, germination data do not conform to the linearity, additivity and 
homoscedasticity (homogeneity of variance) assumptions of general linear models 
(Crawley, 2013). For binomially distributed data, the variance is maximum at the middle 
of the scale and lowest at the two ends of the scale (Crawley, 2013; Schütz and Rave, 
1999). As a results, if two levels of an experimental factor or an explanatory variable are 
compared by the difference of their mean final germination, a difference in the middle of 
the scale (e.g., between 40 and 60%) is not equivalent to a difference at either end of the 
scale (e.g., between 0 and 20% or 80 and 100%) (Schütz and Rave, 1999). Other authors, 
in order to achieve linearity and normality of the error structure for general linear 
modeling of germination data, have used the arcsine and square root transformations 
extensively. The use of generalized linear models (GLM) has however been suggested as 
a better option for analyzing final percentage germination data (Crawley, 2013; O’Hara 
and Kotze, 2010; Schütz and Rave, 1999; Scott et al., 1984). Logistic GLM uses a logit 
transformation to specify an appropriate link function for binomial data, in order to 
linearize the relationship between the response variable and the explanatory variables 
(Crawley, 2013; Freund et al., 2010; McCullagh and Nelder, 1989).  
A logistic regression model was fitted to the germination data collected for the 
various experiments in this study. The logistic regression model fits the log odds of 
germination events by a linear function of the explanatory variables, and was specified as 
follows: 
The logit (𝑝) = 𝑙𝑜𝑔 (
𝑝
1 − 𝑝
) =  𝛽0  +  𝛽1𝐺𝑖1 + ⋯ + 𝛽𝑘𝑇𝑖𝑘                          (Equation 2.1) 
Where ‘p’ is the proportion of germinated seeds for a specific treatment group;  𝛽0  +
 𝛽1𝐺𝑖1 + ⋯ + 𝛽𝑘𝑇𝑖𝑘= the linear predictor for the logit transformation of ‘p’. β0 is the 
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intercept; β1 and βk are the slopes in log odds for the dummy variables (Gi1 and Tik) for 
the explanatory variables  (experimental factors) included in the model for each 
germination experiment. 
The logistic regression was performed using SAS-proc logistic (SAS 9.3).  
Experimental factors were included in the model as categorical explanatory variables. In 
all logistic models fitted, a full model comprising interaction and main effects was first 
fitted, but when the interaction term was insignificant (5% significant level); it was 
dropped from the full model. A reduced model without the interaction term was then 
fitted using the Williams’ method to account for overdispersion, which is often common 
for germination data (SAS Institute Inc., 2000). The odd ratios of final germination 
events between levels of treatments were computed for comparison. An odd ratio 
estimate of one (1) depicts no significant difference in the final germination counts for 
the levels of treatment being compared. The confidence limits for the estimated odd ratios 
were calculated at 95% confidence level. 
2.2.7.2  Single marker locus analysis for segregation distortion tests 
Chi-Square tests were used for single marker locus analysis to ascertain whether 
genotypic frequencies obtained for the HR and HS groups followed the expected 
Mendelian ratio of 1:2:1 in Microsoft Excel. Allele frequencies were tested for significant 
deviations from the expected 0.5 frequency. 
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2.3 Results 
2.3.1  Phenotypic and allele frequencies of HR and HS groups in the F2 for two-locus 
model 
The T0 plants, 2Lo-Tr-07 with a single copy of the inserted TM construct was 
crossed to the weedy rice line, Ludao to simulate transgene flow. Since the T0 parent was 
hemizygous at the TM construct insertion locus, the F1 generation had two herbicide 
resistant (F1-HR) and herbicide susceptible (F1-HS) phenotypic groups. The F1-HR plants 
were in turn heterozygous at the TM construct insertion locus, hence segregated into HR 
and HS groups upon selfing to F2 to constitute F2-HR population (Figure 2.2). About 
3200 F2 seeds derived for the F2-HR segregating population were evaluated after being 
partially after-ripened in the greenhouse using intermittent watering and drying cycles. 
The partial after-ripening treatment produced first and second batches of germinated 
seedlings that were tested for herbicide resistance to identify HR and HS groups in these 
two subpopulations. The HR and HS groups in each subpopulation were then marker 
genotyped to ascertain the genotype and allele frequencies of dormancy increasing and 
decreasing alleles at the SD12 locus.  
After the first 30 days of watering, 25% of the 3200 seeds sown for the two-locus 
TM model germinated to constitute the first batch of germinated seeds (Figure 2.3). 
When watering was resumed for another 30 days after a 30-day period of drying, 42% of 
the remaining seeds germinated to constitute the second batch of germinated seeds. The 
phenotypic ratio of HR to HS individuals was 670:130 among the first batch of 
germinated seeds, whereas an observed ratio of 707:268 was found in the second batch of 
the germinated seeds (Figure 2.3). Thus, a significant phenotypic segregation distortion 
48 
 
(p < 0.0001) was observed among the first batch of germinated seedlings in favor of HR 
individuals when compared to the control. The phenotypic frequencies for HR and HS 
groups in the second batch of germinated seedlings followed a 3:1 ratio as observed in 
the control (Figure 2.3). 
 
 
Fig. 2.3. Phenotypic frequencies of HR and HS individuals among seeds of F2-HR 
population intermittently germinated in the green house for the two-locus TM model.HR: 
Hygromycin resistance; HS: Hygromycin susceptible. 1st batch of germinated seedlings 
were obtained in the first 30 days after sowing seeds; 2nd batch of germinated seedlings 
were obtained between 61 to 90 days after seed sowing. Control seeds were fully after-
ripened at 40 °C for 60 days before germination.  
Since SD7-1 is a maternally imposed SD gene, results for genotype and allele 
frequencies are presented only for the SD12 locus. The genotype and allele frequencies 
computed for the HR and HS groups followed expectation for the two-locus TM model as 
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shown in Table 2.1 and Figure 2.4 respectively. As expected, in the first batch of the 
germinated seeds, no segregation distortion was observed for the genotype and allele 
frequencies at the SD12 locus among the HR group, whereas a significant distortion (p = 
0.04) was observed for the HS group (Figure 2.4 and Table 2.1). The frequencies 
computed for the dormancy increasing and decreasing alleles were similar in the HR 
group. 
Table 2.1. Segregation distortion tests of genotype frequencies from the expected 
genotypic ratio of 1:2:1 at the SD12 locus for F2-HR seeds intermittently germinated in 
the green house for the two-locus TM model. 
 1
st Batch  2
nd Batch 
 HR  HS  HR  HS 
Genotypes Obs. Exp.   Obs. Exp.   Obs. Exp.   Obs. Exp. 
SD12DD 166 168  24 32.5  174 176.75  67 67 
SD12Dd 322 335  62 65  358 353.5  137 134 
SD12dd 182 168  44 32.5  175 176.75  64 67 
Total 670   130   707   268  
χ2 p-value 0.41     0.04     0.94     0.9   
 
In the second batch of germinated seeds, no segregation distortion was observed 
for the genotype and allele frequencies (Figure 2.4 and Table 2.1). This observation was 
however consistent with the genotype and allele frequencies seen in the control seeds. No 
segregation distortion was observed for the genotype and allele frequencies in the second 
batch of germinated seeds as shown in Figure 2.4 and Table 2.1 respectively. 
2.3.2 Degree of dormancy in the F3 generation for two-locus model 
The degree of dormancy between HR and HS genotypic groups was evaluated using three 
genotypes with fixed variation at the SD7-1 and SD12 loci, namely, SD7-1
DD/SD12
dd, SD7-
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1
dd/SD12
DD, and SD7-1
DD/SD12
DD.  These three genotypes were selected from the F2-HR 
population, and advanced to F3 to produced seeds.  
 
Fig. 2.4. Frequencies of dormancy increasing (SD12_D) and decreasing (SD12_d) alleles 
at SD12 locus in first batch (A) and second batch (B) intermittently germinated seeds in 
F2-HR population evaluated in the green house for the two-locus TM model. HR: 
herbicide resistant group; HS: herbicide susceptible group.  
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 For each genotypic class, selection was made for individuals with RNAi TM 
construct (i.e. herbicide resistant group) and those without RNAi TM construct (i.e. 
herbicide susceptible group) as a control. Thus, six sub-populations were advanced to the 
F3. Harvested F3 seeds were then subjected to three after-ripening treatments prior to 
germination tests. 
The results of the germination tests to evaluate the depth of dormancy among 
these six genotypic groups are shown in Figure 2.5. Figure 2.5 shows that genotypes with 
RNAi TM construct showed significantly higher germination (p < 0.0001) than their 
counterparts without the RNAi TM construct based on the logistic regression model fitted 
to the germination data (Table 2.2). Genotypes with the RNAi TM construct showed 
about 48% higher germination rate than genotypes without the TM construct after 21 
days of after ripening treatment and 37% more germination rate across all three after-
ripening treatments (Figure 2.5).  
Table 2.3 shows the odds of germination computed for the genotypes with RNAi 
TM construct versus their respective controls without the TM constructs. The odds ratio 
estimate for a defined contrast in Table 2.3 is significant if the confidence interval 
obtained for the estimate does not include the value one (1). As shown in Table 2.3, the 
odds of germination for seeds of SD7-1
DD/SD12
dd genotype with RNAi TM construct was 
4.7 times higher than individuals with the same genotype but without the TM construct. 
Similarly, the odds of germination of seeds that were double homozygous for 
dormancy increasing alleles at both SD7-1 and SD12 loci (i.e. SD7-1DD/SD12DD) with the 
TM construct was significantly higher (7.5 times) than those without the TM construct 
(Table 2.3).    
52 
 
 
Fig. 2.5. Mean germination rate of F3 seeds obtained from selected F2 genotypes with or 
without RNAi TM construct at three different days of after-ripening (DAR) periods.  
Germination values are mean percent germination rates obtained from 13 to 28 plants 
evaluated for six genotypic classes. Error bars are standard error of the mean estimates 
for mean percent germination values computed for six genotypic classes.  
Results of transcription profiling for the two-targeted SD genes are presented in 
Figure 2.6. Transcript abundance for the SD7-1 gene was about 15-fold higher in the 
SD7-1
DD
/SD12
DD genotype without the RNAi silencing construct relative to those with 
the RNAi silencing construct (Figure 2.6). In addition, a 109-fold change was observed 
for the transcripts of the SD12 gene between the HS and HR genotypes as shown in 
Figure 2.6. 
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Table 2.2. Maximum likelihood estimates of logistic regression coefficients obtained for 
F3 seeds of selected F2 genotypes with or without RNAi TM constructs evaluated for 
degree of dormancy. 
Parameter Estimate SE Wald Chi-Square p-value 
Exp 
(Estimate) 
Intercept -0.43 0.04 127.44 <0.0001 0.7 
RNAi-SD7-1
DD
/SD12
dd
 0.86 0.07 148.01 <0.0001 2.4 
SD7-1
DD
/SD12
dd
 -0.69 0.08 77.81 <0.0001 0.5 
RNAi-SD7-1
dd
/SD12
DD
 0.93 0.08 122.56 <0.0001 2.5 
SD7-1
dd
/SD12
DD
 -0.81 0.11 56.02 <0.0001 0.4 
RNAi-SD7-1
DD
/SD12
DD
 0.86 0.08 123.99 <0.0001 2.4 
SE: standard error estimates; Exp: exponent of estimate in column two of Table used for 
computing odds ratios in Table 2.5. 
 
Table 2.3. Odds ratio estimates and 95% Wald confidence intervals for selected F2 
genotypes with RNAi TM versus same genotypes without RNAi TM construct evaluated 
for degree of dormancy. 
Odds ratio Estimate 
95% Confidence Limits 
LL UL 
RNAi-SD7-1
DD
/SD12
dd
 vs. SD7-1
DD
/SD12
dd
 4.7 3.8 5.8 
RNAi-SD7-1
dd
/SD12
DD
 vs. SD7-1
dd
/SD12
DD
 5.7 4.2 7.7 
RNAi-SD7-1
DD
/SD12
DD
 vs .SD7-1
DD
/SD12
DD
 7.5 5.8 9.6 
LL: Lower limit; UL: Upper limit 
Figure 2.7 shows the amount of red color reflectance in the pericarp for the six 
different genotypic classes evaluated in this experiment. Genotypes with dormancy 
increasing alleles at the SD7-1 locus but without the RNAi silencing TM construct had 
significantly higher amount of red color in their pericarp compared to their counterparts 
with the RNAi silencing construct (Figure 2.7). 
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Fig. 2.6. Relative gene expression for SD7-1 and SD12 targeted dormancy genes for 
genotypes with (SD7-1DD/SD12DD/HR) or without (SD7-1DD/SD12DD/HS) RNAi TM 
construct for the two-locus TM model. Total RNA for relative gene expression 
quantitation using qRT-PCR was extracted from embryos at 10-day-old post anthesis 
(DPA). Error bars are standard deviation values for mean relative expressions estimated 
from three biological replicates for HR and HS genotypes. 
2.3.3  Degree of dormancy in the F4 generation for two-locus model 
The same six classes of genotypes representing the HR and HS groups in the F3 
were advanced to the F4 to track the stability of the RNAi silencing TM construct. F4 
harvested seeds were after-ripened for 10 days before standard germination tests were 
performed. Results for the depth of dormancy evaluation at the F4 for the six genotypic 
classes are shown in Figure 2.8. 
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Fig. 2.7. Red color reflectance measurements in pericarps of selected genotypes with or 
without RNAi TM constructs for the two-locus TM model.  
Genotypes that were homozygous for dormancy enhancing alleles either at the 
SD7-1 or SD12 loci with the RNAi silencing construct exhibited significantly higher 
mean germination rate (p < 0.0001) than their controls without the the TM construct. 
However, at the F4, no significant difference was observed between the double 
homozygous genotype with dormancy increasing alleles at both loci (SD7-1
DD/SD12
DD) 
with the TM construct and it control (Figure 2.8). 
The odds ratio estimates for the three genotypic classes with the RNAi silencing 
TM construct and their respective controls are presented in Table 2.4. The SD7-1
DD/SD12
dd 
and SD7-1
dd/SD12
DD genotypes with the RNAi silencing construct exhibited significantly 
higher odds of germination at 10 days of after-ripening than their controls without the 
RNAi silencing cassette (Table 2.4). 
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Fig. 2.8. Mean germination rate of 10-day after-ripened F4 seeds obtained from selected 
F3 genotypes with or without RNAi TM construct evaluated for degree of dormancy. 
***; significant at p < 0.0001. Error bars are standard error of the mean estimates for 
mean percent germination rates computed for six genotypic classes with sample sizes 
ranging from three to 28 plants. 
Table 2.4. Odds ratio estimates and 95% Wald confidence intervals for selected F4 seeds 
with RNAi TM versus same genotypes without RNAi TM construct evaluated for degree 
of dormancy at 10 DAR. 
Odds ratio Estimate 
95% Confidence Limits 
LL UL 
RNAi-SD7-1
DD
/SD12
dd
 vs. SD7-1
DD
/SD12
dd
 9.3 1.3 67.0 
RNAi-SD7-1
dd
/SD12
DD
 vs. SD7-1
dd
/SD12
DD
 6.9 2.0 23.3 
RNAi-SD7-1
DD
/SD12
DD
 vs. SD7-1
DD
/SD12
DD
 0.7 0.4 1.2 
LL: Lower limit; UL: Upper limit 
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2.3.4  Phenotypic and allele frequencies of HR and HS groups in the F2 for three-
locus model 
For the three-locus TM model, no phenotype frequency distortion was observed in 
the first batch of germinated seeds in comparison to the control seeds (Figure 2.9). The 
control seeds used were seeds that were fully after-ripened to break all seed dormancy 
before germination. 
 
 
Fig. 2.9. Phenotypic frequencies of HR and HS individuals among seeds of F2-HR 
population intermittently germinated in the green house for the three-locus TM model. 
HR: Hygromycin resistance; HS: Hygromycin susceptible.  
In contrast to the two-locus TM model, of the 3000 total seeds that were sown, 
only 13% germinated in the first instance to represent the first batch of germinated seeds 
(Figure 2.9). In the second instance of germination after the 30-day drying period, 57% of 
the remaining seeds germinated to constitute the second batch of germinated seeds.  
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The genotype frequencies at the SD7-2 and SD12 loci are shown in Table 2.5 for 
the first batch of germinated seeds, and their estimated allele frequencies are presented in 
Figure 2.10. 
Table 2.5. Segregation distortion tests of genotypic frequencies from the expected 
genotypic ratio of 1:2:1 at the SD7-2 and SD12 loci for the first batch of seeds 
intermittently germinated in the green house for the three-locus TM model. 
  SD7-2 locus   SD12 locus 
 HR  HS  HR  HS 
Genotypes Obs. Exp.   Obs. Exp.   Obs. Exp.   Obs. Exp. 
dd 93 62.75  36 26.25  104 67  38 27.25 
Dd 125 125.5  46 52.5  127 134  48 54.5 
DD 33 62.75  23 26.25  37 67  23 27.25 
Total 251   105   268   109  
χ2 p-value 5.90E-07     0.09     3.70E-08     0.06   
HR: herbicide resistant group; HS: herbicide susceptible group. 
In contrast to expectation, the genotype frequencies deviated significantly (p < 
0.001) at both the SD7-2 and SD12 loci from the expected 1:2:1 in the HR group, 
whereas no distortion was observed in the HS group (Table 2.5). The allele frequencies 
likewise showed a significant distortion in favor of the dormancy decreasing allele at 
both loci (Figure 2.10). This observation was however consistent with the genotype and 
allele frequencies seen in the control seeds. No segregation distortion was observed for 
the genotype and allele frequencies in the second batch of germinated seeds as shown in 
Figure 2.11 and Table 2.6 respectively. 
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Fig. 2.10. Frequencies of dormancy increasing (D) and decreasing (d) alleles at SD7-2 
(A) and SD12 (B) loci among first batch of intermittently germinated seeds in F2-HR 
population evaluated in the green house for the three-locus TM model. HR: herbicide 
resistant group; HS: herbicide susceptible group. 
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Fig. 2.11. Frequencies of dormancy increasing (D) and decreasing (d)  alleles at the SD12 
locus  among second batch  of seeds in the  F2-HR population intermittently germinated 
in the green house for the three-locus TM  model. HR: herbicide resistant group; HS: 
herbicide susceptible group. 
Table 2.6. Segregation distortion tests of genotypic frequencies from the expected 
genotypic ratio of 1:2:1 at the SD12 locus among second batch of seeds intermittently 
germinated in the green house for the three-locus TM model. 
  HR   HS 
Genotype Obs. Exp.   Obs. Exp. 
SD
12
DD
 296 281   86 94 
SD
12
Dd
 581 563   196 188 
SD
12
dd
 248 281   94 94 
Total 1125     376   
χ
2 
p-value 0.07     0.60   
HR: herbicide resistant group; HS: herbicide susceptible group. 
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2.3.5  Evaluation of degree of dormancy in the F2 for three-locus model 
F2 seeds of HR and HS groups for the three-locus TM model were after-ripened at 
three different durations; 11, 40 and 90 days under ambient laboratory conditions. 
Germination tests were performed for each after-ripening treatment to ascertain the depth 
of dormancy between HR and HS groups. Summary of the results is shown in Figure 
2.12.  
 
Fig. 2.12. Phenotypic difference in percent germination between HR and HS groups for 
the three-locus TM model. Depth of dormancy for F2 seeds with or without RNAi TM 
constructs were evaluated at 11, 40 and 90 DAR for the three-locus TM model. Depth of 
dormancy was measured using percent germination of seeds for three replicates. Error 
bars are standard error of the mean for percent mean germination rates estimated for HR 
and HS groups. **; significant at p < 0.01.  HR: herbicide resistant group; HS: herbicide 
susceptible group.  
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From Figure 2.12, it can be seen that HR (with RNAi TM construct) and HS 
(control without RNAi TM construct) F2 seeds could not be distinguished based on 
degree of dormancy at 11 and 40 days of dry-after ripening (DAR). The HR however 
showed a significant mean germination rate (p < 0.01) than the HS F2 group at 90 DAR 
(Figure 2.12).  
2.3.6  Field evaluation of F2 progenies for three-locus model 
F2 seeds of HR and HS groups were processed for a seeds burial experiment using 
two seed burial treatments at Malden, MO. The seeds were retrieved after one season of 
overwintering. Retrieved seeds were cleaned, and the proportion of seeds that had already 
germinated on the field (FG), the proportion of seeds that were still intact (IS) or empty 
(ES) were counted for the HR and HS groups for each burial treatment. Summary of the 
results for the FG, IS and ES counts are shown in Figure 2.13. 
Between the two burial treatments, a significant higher number of seeds (p = 
0.0088) germinated for the surface burial treatment (55.6%) compared to the below soil 
surface burial treatment (45.2%) when averaged across F2 genotypes (Figure 2.13). 
Averagely, there were more empty seeds for the surface burial treatment (31.1%) as 
opposed to the below soil surface treatment (17.2%).  
The proportion of seeds that were still intact was thus more for the below soil 
surface burial treatment (37.6%) in comparison to the surface burial treatment (13.3%) 
(Figure 2.13). There was, however, no significant difference between the HR (with RNAi 
silencing construct) and HS (control without RNAi silencing construct) groups (Figure 
2.13). Table 2.7 shows that the odds of germination for the surface burial treatment was 
1.5 times higher than that of the below soil surface burial treatment. 
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Fig. 2.13. Summary of F2 seeds with (RNAi) and without (Control) TM construct 
retrieved from the field after one season of winter for the three-locus TM model. FG: 
seeds that had germinated in the field prior to retrieval; IS: still intact seeds after 
retrieval; ES: decayed or empty seeds observed after retrieval among seed lots of after 
one season of overwintering. 
Table 2.7. Odds ratio estimates and 95% Wald confidence intervals for field-germinated 
seeds with or without RNAi TM construct for below soil surface and surface burial 
treatments for the three-locus TM model. 
Odds ratio Estimate 
95% Confidence Limits 
LL UL 
Surface vs. Buried  1.5 1.1 2.0 
HR seeds vs. HS seeds 0.8 0.6 1.1 
LL: Lower limit; UL: Upper limit 
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Among the FG seeds, a proportion was saved to test for herbicide resistance and 
ascertain genotype frequencies. The intact seeds were also after-ripened for 10 days 
under ambient laboratory conditions and germinated for herbicide resistance and 
genotype frequency assessments.  
Germination tests performed for the recovered intact seeds after 10 days of after-
ripening revealed 0% and 48% germination rate respectively for the surface burial and 
below soil surface burial treatments (Figure 2.14). Figure 2.14 also shows similar mean 
percent germination for both HR (with RNAi construct) and HS (control seeds).  
Among the field germinated HR group, 216 seeds survived for the below soil 
surface burial treatment and were assayed for herbicide resistance test and marker-
genotyping. Results for the genotype frequencies and the herbicide resistance tests are 
shown in Table 2.8. The results show a significant segregation distortion (p =0.019) in 
favor of the dormancy increasing alleles among the herbicide resistant seedlings at the 
SD12 locus. The ratio of herbicide resistant to susceptible seedlings was 2.5:1 (Table 
2.8).  
Germinated seeds obtained after performing germination tests for the recovered 
intact seeds (IS) with RNAi TM constructs were assessed for herbicide resistance and 
genotype frequencies at the SD12 locus. Results are summarized in Table 2.9.  
The results show that a significantly high proportion of the derived seedlings (118 
out of 140 plants) were herbicide resistant (Table 2.9). This was in contrast to 
expectation. Similarly, a highly significant segregation distortion was observed at the 
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SD12 locus in favor of dormancy increasing alleles among the herbicide resistant 
seedlings, which also a deviation from expectation. 
 
Fig. 2.14. Mean percent germination of still intact seeds recovered after one season of 
overwintering for HR and HS F2 seeds with (RNAi) and without (control) TM construct 
for surface and below soil surface burial treatments. HR: herbicide resistant group; HS: 
herbicide susceptible group. Error bars are standard error of the mean for percent mean 
germination rates estimated for buried seeds of HR and HS groups. 
Table 2.8. Single locus analysis at SD12 locus and herbicide resistance tests for surviving 
field germinated seedlings of buried seeds with TM construct after one season of 
overwintering for the three-locus TM model. 
  HR  HS   
Genotypes Obs. Exp.  Obs. Exp. HR:HS 
SD
12
dd
 23 38  13 15.25 2.5:1 
SD
12
Dd
 87 76  32 30.5   
SD
12
DD
 42 38  16 15.25   
Total 152 
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χ
2 
p-value 0.019   0.80   
HR: herbicide resistant group; HS: herbicide susceptible group. 
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Table 2.9. Single locus analysis at the SD12 locus and herbicide resistance tests for intact 
seeds recovered after season of overwintering for buried seeds with TM construct for the 
three-locus TM model. 
  HR  HS   
Genotypes Obs. Exp.  Obs. Exp. HR:HS 
SD
12
dd
 17 29.5  2 5.5 5.4:1 
SD
12
Dd
 59 59  16 11 
 
SD
12
DD
 42 29.5  4 5.5 
 
Total 118 
 
 22 
  
χ
2 
p-value 0.005   0.086   
HR: herbicide resistant group; HS: herbicide susceptible group. 
2.4 Discussion 
The aim of a TM strategy is to counteract the fitness advantage of a genotype with 
an escaped transgene in a weedy or wild population (Al-Ahmad et al., 2004; Kwit et al., 
2011; Li et al., 2013; Liu et al., 2012). This is achieved by coupling the primary 
transgene of interest with a mitigating trait that has neutral effects on the cultivated crop 
but produces a deleterious effect when expressed in the weedy population (Gressel, 
2015). The success of any TM strategy, thus, depends on the stability and the 
inseparability of the established linkage between the primary transgene and the mitigating 
trait upon genetic recombination (Daniell, 2002; Gressel, 2015; Kwit et al., 2011).  
The current project sought to test the suitability of seed dormancy (SD) as a 
mitigating trait in designing a TM strategy that was aimed at reducing the risk of 
transgene flow to weedy rice. The glufosinate herbicide resistance transgene, Bar, was, 
therefore, tandemly linked to an RNAi silencing cassette targeting either two or three key 
SD genes in weedy rice. Derived transgenic rice plants in cv Nipponbare genetic 
background were subsequently crossed to the weedy rice line, Ludao to mimic transgene 
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flow. The dormancy-increasing alleles for the targeted SD genes are found in weedy rice 
(Gu et al., 2005a; Gu et al., 2003; Gu et al., 2011; Gu et al., 2008). Thus, any weedy rice 
line possessing any of the targeted dormancy-increasing alleles that received the Bar 
transgene, upon transgene flow, was expected to show a decreased degree of dormancy 
effected by the SD RNAi silencing construct linked to the Bar transgene.  
In view of the above expectation, the TM construct designed to target two SD 
genes (i.e. two-locus TM model) in weedy rice showed very promising results as 
presented. Since the T0 line was hemizygous for the inserted TM constructed, it yielded 
two groups of F1 seeds (i.e. herbicide resistant, HR and herbicide sussceptible, HS 
groups) when crossed to the weedy rice line, in equal frequencies. The F1-HR group was 
in turn heterozygous at the transgene insertion locus, hence was expected to segregate 
into HR and HS groups in the F2 in a 3:1 phenotypic ratio.  
Partially after-ripened  seeds in the HS group in the F2 and other advanced 
generations would, therefore, be expected to show a segregation distortion for the 
genotype or allele frequencies in favor of genotypes homozygous for dormancy 
decreasing alleles at an SD locus that imposes dormancy through offspring tissue such as 
the embryo (Gu et al., 2008). This distortion in the HS group is caused by the absence of 
the SD RNAi silencing TM construct, hence genotypes with at least one dormancy 
increasing allele would exhibit primary dormancy, as they would not be silenced.  
On the contrary, no such segregation distortion would be expected in the genotype 
frequencies among the HR group in the F2. This is because the presence of the SD RNAi 
silencing cassette linked to the Bar transgene would be expected to suppress the 
dormancy increasing alleles in genotypes that have them. The suppression of dormancy 
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increasing alleles would cause genotypes with at least one dormancy enhancing allele to 
behave similar to genotypes with no dormancy increasing alleles. This expectation for the 
HR group would only hold true if the SD RNAi silencing construct linked to the Bar 
transgene works effectively. Results shown for the two-locus TM model followed these 
expectations for HR and HS groups in the F2, F3 and F4 generations. The degree of 
dormancy in the HR group was significantly reduced compared to their counterparts in 
the HS group. This proved that the designed RNAi construct remained inseparable from 
the Bar transgene and the silencing was amplified even beyond the F2.  
The SD7-1 gene was found to have a pleiotropic effect on flavonoid biosysnthesis 
in the pericarp of weedy rice as well as ABA biosynthesis that induced primary seed 
dormancy (Gu et al., 2011). The silencing of SD7-1 gene in the two-locus TM model 
resulted in a significant reduction in the amount of red color in the pericarp of affected 
genotypes in this study. The transcript levels of the two targeted SD genes also appeared 
significantly reduced compared to their HS counterparts without the RNAi silencing 
construct. 
On the other hand, results presented for the three-locus TM model designed to 
simultaneously silence three key SD genes (SD7-1, SD7-2 and SD12) in weedy rice, upon 
transgene flow, did not follow expectation. The tandemly linked SD RNAi silencing 
construct could not suppress the dormancy increasing alleles in the HR group, which 
manifested in highly significant segregation distortions in genotype and allele frequencies 
under both greenhouse and field conditions contrary to expectation. Also, the degree of 
dormancy between HR and HS groups under field conditions was similar, with no fitness 
reduction in the HR group. 
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Silencing of inserted transgenes in plants is a phenomenon not definitively 
understood and still remains elusive to some extent. The apparent inactivation of the 
RNAi silencing construct designed to simultaneously target three SD genes in weedy rice 
could be attributed to myriads of factors. Both intrinsic factors in the process of 
transgenesis and external evironmental factors such as low temperature and low light 
intensity have been implicated to negatively affect the onset of RNA silencing and its 
amplification in plants (Agrawal et al., 2003; Kotakis et al., 2010; Molnar et al., 2011; 
Szittya et al., 2003).  
The results showed in this study support the notion that the incorporation of 
matured seeds of weeds into soil seed banks prolongs their persistence in the field. The 
seed burial experiment carried out in this study found weedy seeds buried 20 cm deep 
below the soil surface to exhibit longer persistence than their counterparts placed on the 
soil surface after one season of overwintering. The buried seeds still had a significant 
number of seeds viable after one season of winter, whereas the surface burial treatment 
recorded no germination of the recovered intact seeds. This finding suggests that 
agronomic farm operations such as plowing or harrowing that may lead to the turning 
over of soil may contribute to the persistence of weeds in farm lands, as the turning over 
of soil may result in the burial of dormant matured seeds of weeds below the soil surface. 
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Chapter 3 A CRISPR/Cas9-Based Transgenic Mitigation Strategy to Silence Seed 
Dormancy Genes in Weedy Rice 
3.1 Introduction 
In Chapter 2 of this dissertation, a TM strategy premised on an RNAi effected 
silencing of key SD genes was tested. However, the RNAi constructs tandemly linked to 
the Bar transgene could not completely knockout the function of targeted SD genes in 
weedy rice. The RNAi mechanism only reduced the expression levels of targeted genes, 
and as a result, some degree of dormancy could still be observed among genotypes that 
received the TM construct upon transgene flow.  
It should be re-emphasized that our proposed TM strategy relies primarily on the 
silencing efficiency of the targeted SD genes in weedy rice by the coupled mitigating 
factor. Thus, disabling targeted SD genes in weedy rice, instead of knocking down their 
expression levels would substantially maximize the mitigation efficiency of our proposed 
TM strategy. Given the above limitation of the RNAi silencing mechanism, our first TM 
strategy was modified by replacing the RNAi mitigating construct with a multiplexed 
CRISPR/Cas9 system that could guarantee gene knockouts.  
The CRISPR/Cas9 system has emerged as a powerful site-specific and sequence-
directed genome-editing tool of choice for producing mutants in many species (Brooks et 
al., 2014; DiCarlo et al., 2015; Doudna and Charpentier, 2014; Gantz et al., 2015; Jacobs 
et al., 2015; Jinek et al., 2012; Ma et al., 2015b). The CRISPR/Cas9 system is a simple 
genome engineering tool for biological research and has gained widespread applicability 
for functional genomics studies,  drug, and cultivar development, as well as human gene 
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therapy (Belhaj et al., 2015; Doudna and Charpentier, 2014; Gantz et al., 2015; Hsu et al., 
2014). 
The CRISPR/Cas9 system consists of two components: the site-specific nuclease 
Cas9 protein and a guide RNA (sgRNA) (Belhaj et al., 2013; Belhaj et al., 2015; Jinek et 
al., 2012; Ma et al., 2015b). These two components are assembled into a binary vector, 
which is in turn, used to transform the species where genome editing is being sought. The 
Cas9 nuclease protein identifies it cleavage site on a target DNA by a 20-bp protospacer 
sequence on the sgRNA. The complementary sequence to this 20-bp protospacer 
sequence is found in the target DNA and must lie adjacent to a PAM (Protospacer 
Adjacent Motif) sequence of the form NGG (Jinek et al., 2012; Sander and Joung, 2014).  
The CRISPR/Cas9 system can be designed to edit multiple genome targets 
simultaneously using a multiplexed system (Cong et al., 2013; Ma et al., 2015b). In a 
multiplexed CRISPR/Cas9 system, cas9 is directed to multiple cleavage sites using 
different site-specific sgRNA (Ma et al., 2015b). The amenability of the CRISPR/Cas9 
system to multiplexing makes it a handy tool to edit multiple genes simultaneously or to 
maximize the editing efficiency of a single gene by cleaving multiple sites. In the present 
study, two multiplexed CRISPR/Cas9 systems were designed to target six SD-associated 
genes in weedy rice. In one of the two multiplexed systems designed, Cas9 was directed 
to cleave one site for each of the six target genes, producing six target sites. In the other 
multiplexed CRISPR/Cas9 system, each of the six target genes had two cleavage sites for 
Cas9; hence, 12 target sites were present in this system.  
The objectives of this study were: 1) to evaluate the gene editing efficiency for 
each of the two multiplexed CRISPR/Cas9 systems designed to target six SD genes in 
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weedy rice, and 2) to ascertain the suitability of the CRISPR/Cas9 system in designing a 
TM strategy that completely knocks-out functional SD genes in weedy rice. 
3.2 Materials and Methods 
3.2.1 Target genes 
The six target genes selected for this study were seed dormancy genes SD7-1, SD7-
2, SD12a, SD12b and SD12c, and the SD-associated gene Bh4 for black hull color. These 
genes were sequenced from weedy/wild rice. The protospacer or target sequences for 
designing sgRNA were selected from coding sequences of the target genes and ranged 
from 19 to 20 bp (Appendix 3.1A). Each protospacer sequence specificity including the 
PAM was confirmed by a Blast search 
(http://ensembl.gramene.org/Multi/Tools/Blast?db=core) against the rice cv Nipponbare 
genome sequence. The protospacer sequences were selected from the exon regions or 
exon-intron junctions of the target genes. Each protospacer sequence consisted of a 
primer pair (forward and reverse adaptor primer sequences, Appendix 3.1A) that were 
annealed together at 90 °C for 10 seconds to generate a target adaptor 
3.2.2 Construction of sgRNA expression cassettes 
The CRISPR/sgRNA intermediate vectors are shown in Figure 3.1.  The 
CRISPR/sgRNA vectors were driven by the rice small nuclear RNA (snRNA) promoters: 
OsU6a, OsU6b, OsU6c and OsU3 (Ma et al., 2015b), yielding four different 
CRISPR/sgRNA intermediate vectors corresponding to the snRNA promoters. The 
procedures used in this study to generate sgRNA expression cassettes for target genes 
followed protocols reported by Ma et al. (2015b). The sgRNA expression cassette for 
each target gene was obtained by ligating the above-generated target adaptor sequences 
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for each gene to the CRISPR/sgRNA intermediate vectors. Prior to the ligation, 1 µg of 
the CRISPR/sgRNA intermediate vectors  were first digested using 10 U Bsa I Type II 
restriction enzyme, in a 40 µL restriction digestion reaction, incubated at 37 °C for 20 
minutes.  The Bsa I was inactivated at 70 °C for 5 minutes, and the digested samples 
stored at -20 °C. A 10.1-µL ligation reaction consisting of 1 µL 10× T4 DNA ligase 
buffer, 0.5 µL digested CRISPR/sgRNA intermediate vector (12 ng), 0.5 µL of target 
adaptor, 8 µL of ddH2O, and 0.1 µL of T4 DNA ligase (35 U)  was set up, and incubated 
at 25 °C for 15 minutes. After the ligation reaction, a two-step overlap PCR was 
performed to amplify the sgRNA expression cassettes using a High-Fidelity DNA 
polymerase. The primers used for the overlap PCR are shown in Appendix 3.1B.  
 
 
Fig. 3.1. Overall structure of the four CRISPR/sgRNA intermediate vectors used to 
generate sgRNA expression cassettes. The CRISPR/sgRNA vectors were driven by the 
rice small nuclear RNA (snRNA) promoters: OsU6a, OsU6b, OsU6c and OsU3. 
3.2.3 Assembly of multiple sgRNA cassettes and Cas9 
Two multiplexed CRISPR/Cas9 vector constructs were generated using Golden 
Gate (Engler et al., 2008) and Gibson assembly (Gibson et al., 2009) cloning methods. 
The first multiplexed CRISPR/Cas9 construct had six cleavage sites for Cas9, i.e. one 
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cleavage site for each of the six target genes (designated as CRISPR-1T). Hence, the first 
construct comprised six sgRNA expression cassettes (Appendix 3.1C). The second 
multiplexed CRISPR/Cas9 construct had 12 target sites, i.e. two cleavage sites for each of 
the six target genes (designated as CRISPR-2T). Thus, the second construct had 12 
sgRNA expression cassettes (Appendix 3.1D).  
The six sgRNA expression cassettes for the CRISPR-1T multiplexed system were 
ligated to a pYLCRISPR/Cas9 binary vector (Figure 3.2) using Golden Gate cloning as 
described by Ma et al. (2015b). The CRISPR-2T multiplexed system on the other hand 
was produced using a combination of Golden Gate cloning and Gibson assembly methods 
to ligate 12 sgRNA expression cassettes into a pYLCRISPR/Cas9 binary vector. 
To obtain the CRISPR-1T multiplexed construct, the pYLCRISPR/Cas9 binary 
vector was first digested using Bsa I as described above to remove the ccdB gene, and 
purified after agarose gel electrophoresis. About 60-80 ng of the digested and purified 
pYLCRISPR/Cas9 binary vector was used for Golden Gate cloning. The six purified 
sgRNA expression cassettes generated above were then digested and cloned into the ccdB 
region on the digested pYLCRISPR/Cas9 binary vector. The ligation reaction was as 
described above, except that it was incubated at 20 °C for three hours. The molar ratio 
between the binary vector and the sgRNA insert was 1:4.  
To generate the CRISPR-2T multiplexed construct comprising 12 sgRNA 
expression cassettes, the first eight sgRNA were ligated to the digested and purified 
pYLCRISPR/Cas9 binary vector using Golden Gate cloning method as described above, 
after which the remaining four sgRNA expression cassettes were added using Gibson 
75 
 
assembly cloning kit. The primers used for the Gibson assembly cloning are shown in 
Appendix 3.1B.  
 
 
Fig. 3.2. Structure of the pYLCRISPR/Cas9 binary vector based on the pCAMBIA1300 
backbone. HPT, Bar, and encode hygromycin B phosphotransferase, PPT 
acetyltransferase, respectively. NLS, nuclear localization sequence; adapted from (Cong 
et al., 2013). The key sequence and restriction sites for cloning and analysis of sgRNA 
expression cassettes are shown. 
The final ligated products for the two multiplexed CRISPR/Cas9 constructs were 
desalted using 70% ethanol precipitation, air-dried and dissolved in 5 µL ddH2O. The 
desalted  ligation product was then used to transform competent cells of E. coli strain 
DH10B via electroporation. Transfromed E. coli cells were afterwards plated on a media 
containing kanamycin and positive clones were selected and analyzed to confirm DH10B 
transformation using restriction digestion with Asc I and Spe I (Appendix 3.1E). 
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3.2.4 Agrobacterium-mediated transformation 
Positive plasmids for the CRISPR-1T and CRISPR-2T constructs were introduced 
to competent cells of Agrobacterium strain EHA105 via electroporation. The transformed 
EHA105 strain was used to transform the rice cv Nipponbare at the Plant Transformation 
Facility, Iowa State University, Ames. The plant transformation yielded 12 and 11 
independent transgenic events respectively for CRISPR-1T and CRISPR-2T multiplexed 
constructs. Plant tissue culture-derived T0 plants were hardened and transplanted to the 
green house for CRISPR/Cas9-induced mutation screening. 
3.2.5 Assaying for mutations among T0 plants 
Total genomic DNA was extracted from 32 and 33 hygromycin resistant T0 plants 
respectively, for the CRISPR-1T and CRISPR-2T constructs, as well as from the original 
non-transgenic Nipponbare cultivar. To screen for mutations among the T0 plants, primer 
pairs flanking Cas9 cleavage sites were designed (Appendix 3.2A) to amplify genomic 
DNA fragments of ~400 bp from each target gene. Amplified PCR products were 
purified using ExoSAP-IT® PCR Product Cleanup by (affymetrix, Thermo Fisher 
Scientific). Purified PCR products were sequenced using a next-generation sequencing 
system by GenScript®, USA. 
The reference sequence obtained from the original non-transgenic Nipponbare 
cultivar was compared to the sequences of the T0 plants in order to detect mutations. A 
web-based program (DSDecode for Degenerate Sequence Decode) developed by Ma et 
al. (2015a) was used to decode the sequence of CRISPR/Cas9 induced mutant alleles of 
target genes. Heterozygous and biallelic mutations were observed as double traces or 
overlapping peaks in the sequencing chromatograms. To decode such chromatograms 
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using the DSDecode program, two short sequences, namely, a degenerate sequence and 
an anchor sequence were required. The program generates the degenerate sequence (10–
12 bases) by beginning from the first nucleotide position of overlapping peaks based on 
the color peaks of the chromatograms (Liu et al., 2015; Ma et al., 2015a). The anchor 
sequence (8 - 10 bases) lies adjacent to the first overlapping peak. The program then uses 
the degenerate sequence as a query sequence to search twice against the reference 
sequence, after which it links the query-matched sequences to the anchor sequence to 
decode the two alleles (Ma et al., 2015a).  
The mutant allele decoding using the DSDecode program was done only for the 
CRISPR-1T T0 plants. Evidence of mutation in the CRISPR-2T T0 plants was obtained 
by searching for the intact 19 or 20 bp target sequence used to design the sgRNA for each 
target gene.  
3.2.6 Hybridization of T0 plants with weedy rice 
The Nipponbare rice cultivar used for the transformation lacks functional alleles 
for target genes, except for SD7-2. Thus, to evaluate the mutagenesis efficiency under a 
genetic background with functional genes for the remaining genes, T0 plants with 
observed evidence of mutations in the target genes were selected and crossed to the 
weedy rice line SS18-2.  
F1 seedlings from crosses between SS18-2 and the T0 plants of the CRISPR-1T or 
the CRISPR-2T multiplexed systems were grown in the greenhouse and screened for 
mutations in the SS18-2 allele. Procedures for detecting mutations in the SS18-2 allele 
followed that described above for assaying mutations in the T0 generation. 
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3.3 Results 
3.3.1 Mutagenesis and multiplexing efficiency in T0 plants 
The mutation rate for each of the targeted SD genes was computed as the number 
of T0 plants sequenced that had an edited target site out of the total number of T0 plants 
sequenced for each of the two multiplexed CRISPR/Cas9 constructs. The results for the 
observed mutation rates for the two multiplexed constructs are shown in Figure 3.3. 
The mutation rates was similar for all genes assayed for the two multiplexed 
constructs except for Bh4, which recorded a significantly lower editing rate (56%) for the 
CRISPR-1T construct in comparison to the editing rate (88%) observed for the CRISPR-
2T multiplexed construct (Figure 3.3).  
 
Fig. 3.3. Mutation rates for five edited seed dormancy genes in the T0 generation. Two 
multiplexed CRISPR/Cas9 constructs driven by U6/U3 snRNA promoters designed to 
target one site (CRISPR-1T) and two sites (CRISPR-2T) for each target gene in rice T0 
plants. The total number of T0 plants assayed were 32 and 33 respectively for CRISPR-
1T and CRISPR-2T.  
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The mean editing rate was 79% and 88% respectively for the CRISPR-1T and 
CRISPR-2T multiplexed constructs, when averaged across the five-targeted SD genes 
assayed at the T0 generation (Figure 3.3). 
There was a strong association between the mutation rate and the GC content of 
the protospacer sequence (r = -0.84), as well as between mutation rate and the GC content 
of the first six nucleotide sequence proximal to the PAM (PAMPN6; r = -0.82) for the 
CRISPR-1T multiplexed construct (Table 3.1). However, this association disappeared for 
the CRISPR-2T construct (Table 3.1). The GC content for the protospacer sequences for 
target genes including the PAM ranged from 64% to 83% for the CRISPR-1T constructs, 
and 57% to 83% for the CRISPR-2T construct.  
Table 3.1. Association between mutation rate (%) and GC content (%) of target sequence 
(including PAM) and the first six or four proximal sequence of the PAM. 
  Correlation Coefficient 
 GC%  Target sequence + 
PAM 
GC%    
PAMPN6 
GC%    
PAMPN4 Multiplex construct 
CRISPR-1T (MR%) -0.84 -0.82 0.09 
CRISPR-2T (MR %) -0.07 -0.26 0.31 
PAMPN-6, 4: first six or four nucleotide sequences proximal to the PAM sequence of 
target genes; MR: mutation rate. 
The multiplexing efficiencies for the two designed CRISPR/Cas9 constructs were 
obtained as the number of the T0 plants sequenced that had all the five assayed SD genes 
simultaneously edited out of the total number of T0 plant sequenced as shown in Figure 
3.4. The multiplexing efficiency was higher in the CRISPR-2T construct, of which 79% 
of all sequenced T0 plants had five assayed SD genes simultaneously edited compared to 
that of the CRISPR-1T multiplexed construct (56%) (Figure 3.4).  
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Fig. 3.4. Multiplexing efficiencies rates observed for two multiplexed CRISPR/Cas9 
constructs driven by U6/U3 snRNA promoters designed to target one site (CRISPR-1T) 
and two sites (CRISPR-2T) for each targeted seed dormancy gene in rice T0 plants. 
From Figure 3.4, it can also be seen that a similar percentage of T0 plants for the 
two multiplexed constructs recorded no editing at any of the five SD genes assayed, i.e. 
12% and 13% respectively for the CRISPR-1T and CRISPR-2T multiplexed constructs.  
3.3.2 Mutation types identified in T0 plants 
The sequence quality of the 32 CRISPR-1T T0 plants assayed was good and thus 
necessitated the use of the DSDecode software program to decode the type of gene 
mutations and mutant types induced by the CRISPR/Cas9 system (Appendix 3.2B-F).  
The mutant allele decoded revealed homozygous, heterozygous and biallelic mutants in 
the T0 plants for all genes targeted but their frequencies differed with respect to the target 
genes (Figure 3.5). 
0
20
40
60
80
100
0 1 2 3 4 5
F
re
q
u
en
cy
 (
%
)
Number of genes simultaneously edited
CRISPR -1T CRISPR -2T
81 
 
When averaged across all genes assayed, 46% of all mutations decoded were of 
the biallelic type, 21.5% were of the heterozygous type, and 21% were homozygous 
mutants. The software program could not decode the remaining 11.5% of the mutations, 
hence, were designated as unknown mutation types as shown in Figure 3.5. 
Table 3.2 shows that 95% of all mutations types characterized above were of the 
base deletions and insertions (InDel) type (made up of 62% deletions and 33% 
insertions), with 5% constituting base substitutions. Table 3.2 also shows that about 10% 
of all the base deletions decoded involved loss of more than 20 bp of gene fragments. 
Base deletions involving loss of 1 to 4 bp nucleotides constituted about 80% of all 
deletions (Table 3.2).  
 
Fig. 3.5. Mutation types decoded for five edited seed dormancy genes for a multiplexed 
CRISPR/Cas9 construct driven by U6/U3 snRNA promoters designed to target one site 
for each target gene in rice T0 plants. 
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The maximum number of base insertions observed was two nucleotides, with the 
majority of the insertions being one base inserts as shown in Table 3.2. About 67% of all 
base insertions involved A/T nucleotides, with 29% being G/C types (Table 3.2). 
Table 3.2. Summary of base deletions, insertions and substitutions decoded for five 
edited seed dormancy genes using a multiplexed CRISPR/Cas9 construct driven by 
U6/U3 snRNA promoters designed to target one site per target gene in rice T0 plants. 
  Deletions (-)    Insertions (+)     
Gene 1 2 3 4 5~20 >20    2 A/T G/C subs Total 
Bh4 11 5 0 0 0 5   0 4 1 0 26 
SD7-1 1 2 9 3 5 0   1 12 2 5 40 
SD7-2 1 13 9 5 7 3   0 2 5 4 49 
SD12a 1 5 0 1 0 0   0 26 8 0 41 
SD12c 18 3 3 7 1 4    2 0 3 1 42 
Total 32 28 21 16 13 12    3 44 19 10 198 
Subs: base substitutions 
3.3.3 Editing of weedy rice allele in the F1 
A T0 plant (1T-1-2) with biallelic mutations at all target genes assayed for the 
CRISPR-1T construct was crossed to the weedy rice line, SS18-2. The cross produced 
three F1 seedlings. One of them was positive for the CRISPR/Cas9 construct (1T-Hybrid) 
and was herbicide resistant. The ensuing hybrid therefore had both the Nipponbare-like 
and SS18-2-like alleles for target genes. The Nipponbare alleles for the target genes in 
the F1 were mutant alleles inherited from the T0 parent (Table 3.3). To ascertain whether 
the CRISPR-1T construct could edit the weedy rice allele as observed in the T0 
generation, the F1 hybrid was sequenced and the decoded mutant alleles for each assayed 
target gene are shown in Table 3.3.  
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Table 3.3. Summary of CRISPR/Cas9 induced mutations decoded for the F1 hybrid (1T-
1-2 × SS18-2) and its T0 Nipponbare parent (1T-1-2 ) for five target seed dormancy genes 
edited using a multiplexed CRISPR/Cas9 construct driven by U6/U3 snRNA promoters 
designed to target one site per target gene. 
  Gene: Bh4, Promoter: U6a   
 
Target sequence: CGCCCTCTCCGAGGGGGGCTGGG,  
GC% = 83%  
1T-1-2 (T0) CGCCCTCTCCGAGGGG-GCTGGG Biallelic 
 CGCCCTCTCCGAGGGG--CTGGG  
1T-Hybrid CGCCCTCTCCGAGGGGGGCTGGG (WT) Heterozygous 
  CGCCCTCTCCGAGGGGG-CTGGG   
  Gene: SD7-1, Promoter: U6a   
 
Target sequence: TGGCAGCTCTGCCCCCACCAAGG,  
GC% = 70%  
1T-1-2 (T0) CTCCTCTGGCAGCTCTGCCC-----AAGG Biallelic 
 CTCCTCTGGCAGCTCTGCCCCCAACCAAGG  
1T-Hybrid CTCCTCTGGCAGCTCTGCCCCCACCAAGG (WT) Heterozygous 
  CTCCTCTGGCAGCTCTGCCC-----AAGG   
  Gene: SD7-2, Promoter: U6b   
 
Target sequence: ACTGGACGCAGGGCTGCGTGAGG,  
GC% = 70%  
1T-1-2 (T0) GTCAGTGGAACGCTCCTCAC-----CCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA  
1T-Hybrid GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA Biallelic 
  GTCAGTGGAACGCTCCTCACGCACCCCTGCGTCCA*   
  Gene: SD12a, Promoter: U6c   
 
Target sequence: AAGCATCACCACGCGGCTGCAGG,  
GC% = 65%  
1T-1-2 (T0) TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCA--CCGCGTG  
1T-Hybrid TAAGGTTGTGAGCTCCTGCAGCCGCGTG (WT) Heterozygous 
  TAAGGTTGTGAGCTCCTGCACGCCGCGTG   
  Gene: SD12c, Promoter: U6b   
 
Target sequence: TCACTGCAGCAGCATGCCCAGG,  
GC% = 64%  
1T-1-2 (T0) AGTCACTGCAGCAGCA--CCCAGG  Biallelic 
 AGTCACTGCAGCAGCATGAACCCAGG  
1T-Hybrid AGTCACTGCAGCAGCA--CCCAGG Biallelic 
  AGTCACTGCAGCAGCACGCCCAGG*   
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Protospacer sequences for each target gene include underlined PAM sequences. GC%: 
GC content of Protospacer sequence plus PAM sequence; WT: unedited wild type allele. 
Observed deletions, insertions and substitution mutations are highlighted in red color.  
* Mutation occurred in the F1 generation. 
No mutations were observed for the weedy rice alleles for SD7-1, Bh4, and 
SD12a (Table 3.3). A transversion mutation was found for the SD7-2 weedy rice gene (C 
to G), whereas a transition mutation (T to C) was observed for the SD12c weedy rice 
allele (Table 3.3). 
3.3.4 Change in protein function analysis in the F1 
The change in protein function as a result of the induced mutations in the 
functional alleles of SD7-2 and SD12c was analyzed in the F1 generation. Nipponbare 
carries a functional allele at SD7-2 that encodes a protein kinase. The SD7-2 allele from the 
Nipponbare T0 plant (1T-1-2) had a 2-bp deletion (Table 3.3). The transcribed mRNA 
sequence for this mutant allele was predicted using the ExPASy Bioinformatics 
Resources Portal (http://www.expasy.org).  The 2-bp deletion caused a truncation in the 
translated protein sequence for the mutant allele, resulting in a loss of the protein kinase 
domain (Figure 3.6).  
The transition mutation (T to C) observed for the SD12c weedy rice allele in the 
F1 plant could not change the protein functional domain of SD12c. The functional allele 
for SD12c encodes a basic–helix-loop-helix (bHLH) transcription factor protein that is 
made up of 265 amino acids (Figure 3.7). 
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SD7-2 
mutant 
 
Fig. 3.6. Protein domain prediction for SD7-2 gene after a 2-bp deletion mutation induced 
by Cas9 in the Nipponbare allele at the T0 generation. The unedited coding sequence 
produced 865 amino acid sequence, while the mutant resulted in 448 amino acid 
sequence. 
 
Fig. 3.7. Amino acid sequence and protein domain for wild functional allele of SD12c. 
Amino acid sequence highlighted in yellow color indicates signature sequence for basic–
helix-loop-helix (bHLH) domain. The codon (CAT) in the wild functional allele was 
changed to the synonymous codon (CAT) that codes for the 166th amino acid, histidine 
(red color highlight).  
SD7-2 
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The conversion of T to C resulted in a silent or synonymous mutation for the 166th 
amino acid (histidine) (Figure 3.7). The codon sequence (CAT) codes for histidine in the 
wild type functional allele for SD12c, which was changed to its synonymous codon 
(CAC) as a result of the transition mutation. 
3.4 Discussion 
Double strand breaks induced by Cas9 in target genes may be repaired via the 
non-homologous end joining DNA repair pathway, which is error prone and may 
consequently lead to frameshift mutations. The present study was aimed at knocking out 
multiple SD genes simultaneously in weedy rice using a highly robust multiplexed 
CRISPR/Cas9 system optimized for rice and other monocots by Ma et al. (2015b). The 
two multiplexed constructs designed in the study showed comparable mutagenesis 
efficiency for all target genes, except for Bh4. The average-editing rate (83.5%) observed 
in this current study was consistent with the mutation rates reported for rice by Ma et al. 
(2015b).   
Factors such as the expression levels of Cas9 and sgRNA, GC content of target 
sequences and the first six proximal sequence to the PAM (PAMPN6), as well as the 
secondary structure of target-sgRNA have been found to affect the mutagenesis 
efficiency of target genes (Belhaj et al., 2013; Belhaj et al., 2015; Fu et al., 2014; Ma et 
al., 2015b; Ren et al., 2014).  In the current study, the editing rate was found to decrease 
with GC contents of target sequence and PAMPN6 above 70%, when the multiplexed 
CRISPR/Cas9 system was designed to target only one cleavage site per target gene. It 
was also revealed that having more than one cleavage site for Cas9 could compensate for 
the above-optimum GC content of target sequences or PAMPN6. Ma et al. (2015b) 
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recommended an optimum GC content of target sequences between 50 to 70%, in order 
to avoid or reduce off-target editing of Cas9 (Tsai et al., 2015).  The present study found 
that the multiplexing efficiency could practically be enhanced if the multiplexed 
construct is designed to have more than one cleavage site per target gene. However, the 
propensity for transgene silencing may be increased if too many sgRNA cassettes are 
used. In the present study, no editing was observed for one of the two cleavage sites for 
SD7-1 gene in the CRISPR-2T multiplexed construct, which might have been caused by 
transgene silencing (Jiang et al., 2014). 
The multiplexed system used in the present study generated biallelic, 
heterozygous and homozygous mutations in the T0 generation, which was in consonance 
with the findings of Ma et al. (2015b). However, heterozygous mutations may be 
ineffective in silencing target genes, unless the mutations occur in functional or dominant 
alleles. For heterozygous mutations, only one allele of the target gene in a diploid species 
is edited while the other allele remains in its wild type state.   
The F1 hybrid obtained in the present study revealed that the mutations generated 
at the T0 generation were not transient but were heritable (Table 3.3). However, new 
mutations were not observed in the weedy rice allele in the F1 generation for three of the 
targeted SD genes assayed. New mutations in the weedy rice allele are necessary to 
ensure the disabling of these target genes, as the Nipponbare alleles for these target genes 
are nonfunctional in enhancing SD. Thus, no mutant phenotype was recovered among the 
F2 seeds harvested from the F1 plant for Bh4, and SD7-1, as all progenies had black hull 
color and red pericarp due to maternal inheritance. The germination rate of dehulled and 
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intact F2 seeds after-ripened for 21 days at 40 °C was 36% and 8%, respectively, which is 
indicative of a strong seed dormancy.  
From the foregoing, it is evident that heterozygous mutations must be avoided as 
a prerequisite for a successful knockout of target genes and for our proposed TM strategy 
relying on SD abatement to work. Recently, a new CRISPR/Cas9 gene drive system that 
utilizes homology directed repair (HDR) pathway to ensure only homozygous mutations 
are obtained in the first generation and all subsequent generations was reported (Figure 
3.7) (DiCarlo et al., 2015; Gantz and Bier, 2015; Gantz et al., 2015).  Testing this new 
system may guarantee the successful editing of both alleles of target genes regardless of 
the generation due to the mutagenic chain reaction that is caused by the gene drive 
CRISPR/Cas9 construct (Gantz and Bier, 2015).  In the multiplexed system used in the 
current study, each target gene was edited using a dual CRISPR/Cas9 construct that 
consisted of sgRNA and Cas9 components only. This simple dual construct targeting 
each gene could be modified into a tripartite construct by introducing a homology arm 
sequence to flank the Cas9-sgRNA cassette (DiCarlo et al., 2015; Gantz and Bier, 2015). 
This homology arm sequences should correspond to the two genomic sequences abutting 
the Cas9 cleavage site to warrant genetic recombination and HDR (Gantz and Bier, 
2015).  
With this tripartite construct, after double strand break (DSB) by Cas9 at the 
cleavage site as defined by the sgRNA component, the Cas9-sgRNA cassette that is 
flanked by the homology arm sequences would be inserted in-between the two fragments 
emanating from the Cas9-induced DSB through HDR (Figure 3.8A-C). The inserted 
Cas9-sgRNA cassette at the new locus would then cut the second allele, after which HDR 
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would insert the Cas9-sgRNA cassette into the second allele as described above (Figure 
3.7D-F). This approach thus guarantees the creation of homozygous mutations in both 
alleles of target genes, and ensures that upon inheritance, any new unedited allele that 
becomes homologous to any of these two edited alleles would be edited in a similar 
fashion as described above. Thus, the availability of such CRISPR/Cas9 gene drive 
mutagenic chain reaction constructs would be a viable TM strategy if tested.  
 
Fig. 3.8. (A to F) Scheme showing a simplified CRISPR/Cas9 gene drive system for 
creating mutagenic chain reaction to produce homozygous mutations in both alleles of a 
target gene. (A) A tripartite vector construct comprising main CRISPR/Cas9 component 
(Cas9 and sgRNA) to cleave a target gene and flanking homology arms (HA1 and HA2) 
matching target gene genomic sequence abutting Cas9 cleavage site in target gene. (B) 
Homology Directed repair (HDR) incorporates Cas9-sgRNA component into the cleaved 
locus of first allele. (C) Edited first allele of target gene having Cas9-sgRNA component 
inserted into Cas9 cleaved locus. (D) Edited first allele of target gene expresses both 
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Cas9 and sgRNA to cause double strand break in second allele of target gene. (E) HDR 
inserts Cas9-sgRNA component into the cleaved locus of second allele. (F) Edited second 
allele with same mutation as first edited allele (homozygous mutation). Figure modified 
from Gantz and Bier (2015). 
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Chapter 4 Conclusions and future directions 
4.1 Project summary 
The main goal of this project was to use rice and weedy rice as a model to test the 
concept and feasibility of a SD gene silencing-mediated TM strategy to reduce the risk of 
escape of fitness-enhancing transgenes from cultivated crops to their sexually compatible 
weedy/wild relatives. This goal was further streamlined into the following two specific 
objectives: 1) to evaluate silencing effects of an RNAi-mediated TM strategy on SD in 
weedy rice; 2) to evaluate the mutagenic effects of a multiplexed CRISPR/Cas9-based 
TM strategy on SD genes in weedy rice. This chapter was thus organized to summarize 
main findings that could be deduced from this project, their implications as well as future 
directions in the research area of developing transgenic mitigation strategies. 
4.1.1 Summary for TM strategy based on an RNAi gene silencing system and 
implications  
This study was designed to test a TM strategy based on an RNAi-mediated 
silencing cassette targeting two (two-locus TM model) or three (three-locus TM model) 
SD genes in weedy rice as a mitigating factor coupled to the Bar herbicide resistance 
transgene. It was expected that the tandemly linked RNAi silencing cassettes would 
repress the expression of SD7-1, SD7-2 and SD12 SD genes in weedy rice upon transgene 
flow. The silencing of these targeted SD genes in weedy rice was expected to cause a 
reduction in the degree of dormancy or increased germination rate in genotypes with 
dormancy-enhancing alleles that received the TM constructs upon transgene flow. 
Conversely, weedy rice genotypes with dormancy enhancing alleles but lacked the TM 
construct were expected to exhibit strong SD or low germination rates. 
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The results obtained for the two-locus TM construct  in this study proved our 
working hypothesis that individuals carrying a fitness-enhancing transgene in a weedy 
population could be made less fit in the environment by silencing key SD genes. The 
reduction in fitness of transgene-containing genotypes with dormancy-increasing alleles 
significantly promoted germination in comparison to control genotypes that lacked the 
TM constructs in the F3 and F4 generations.  
The implication of this increased germination rate among transgene-containing 
weedy genotypes is that such genotypes would not escape weed control measures being 
implemented by farmers, thus, making them less persistent in farmers’ field. Without the 
TM construct, weedy genotypes possessing fitness-enhancing transgenes would also 
exhibit strong SD, and as a result stay longer in soil seed banks through delayed 
germination imposed by the dormancy-increasing alleles. By coupling the fitness-
enhancing transgene with RNAi silencing factors targeting SD genes, any weedy 
genotype that receives a transgene would also automatically incorporate the deleterious 
SD gene silencing factors into its genome. Consequently, weedy genotypes that would 
have otherwise stayed dormant in soil seed banks for a long time would be forced to 
germinate in the field. This forced germination would expose them to weed control 
tactics being deployed and prevent them from escaping weed control treatments.  
Weedy genotypes with repressed SD genes are more likely to germinate early or 
during the growing season. If they germinate before crops are planted in the field, then it 
stipulates that farmers could control them through tillage. Alternatively, if no tillage is 
practiced, then herbicides other than the one the weeds have acquired resistance for could 
be deployed to control them. Furthermore, since conspecific weeds of cultivated crops 
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have peculiar morphological characteristics that make them easily detectable among crop 
stands, it follows that, agronomic practices such as rogueing could be used to remove 
transgene-containing weeds with repressed SD genes once they germinate during the 
growing season after crop establishment.   
The above proffered implications of silenced SD genes among transgene-
containing weedy genotypes would not materialize if the coupled mitigating factor were 
separated from the transgene through genetic recombination. In addition, the TM strategy 
would fail if the linked mitigating factor were itself silenced in the genome of the weedy 
recipients by transgene degrading endogenous nucleases. To overcome the former, the 
size of the TM construct should be made as minimal as possible below the average 
physical genetic distance required for meiotic recombination events in target species. Si 
et al. (2015) estimated the average recombination rate in rice to be 4.53 cM/Mbp among 
sequenced F2 plants, but also found genetic recombination to be greatly suppressed 
around centromeric regions. The size of our TM constructs ranged from 6.6 to 6.8 kbp. 
However, depending on the insertion locus of the TM construct during transformation, 
the physical distance between the RNAi silencing cassette and the Bar transgene could be 
increased by the insertion of large transposable elements that may increase the likelihood 
of segregation between them. This could be a limitation of this strategy. Results for the 
two-locus TM model showed that the SD RNAi silencing cassette linked to the Bar 
transgene appeared stable in the F2 to F4 generations, indicating a complete linkage 
between the two key components of our TM strategy. 
The three-locus TM construct designed to silence three SD genes simultaneously 
in weedy rice did not produce expected results under both greenhouse and field 
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conditions. Even though the actual cause of this inactivation was not investigated, it can 
be speculated that the design of the RNAi cassette partly contributed to this inactivation. 
In order to reduce the size of the TM constructs, RNAi trigger sequences targeting the SD 
genes in weedy rice were aligned together using overlapping PCR to generate one 
contiguous inverted repeat sequence (IRS) driven by a single maize ubiquitin promoter. 
This design was in contrast to the standard design of IRS for RNAi gene silencing, where 
each IRS is fitted with its own promoter. It should be noted, however, that a similar but 
shorter contiguous IRS was used for the two-locus TM model, which worked as 
expected. The presence of excessively repeated sequences in the three-locus TM 
construct might have triggered the degradation of the IRS cassette by endogenous 
nucleases. In addition, it could be speculated that using a single long contiguous IRS 
cassette to trigger the silencing of three SD genes might have led to the generation of 
highly mismatching small-interfering RNA (siRNA) by dicer. Such mismatching siRNA 
could not find complementary sites on the mRNA of target SD genes to effect silencing. 
4.1.2 Summary for TM strategy mediated by a CRISPR/Cas9 genome editing 
system and implications 
The CRISPR/Cas9 genome editing system was utilized in our TM strategy 
purposely to maximize silencing effects of the mitigating factor targeting SD genes. It 
was envisaged upon transgene flow that the CRISPR/Cas9 construct would knockout the 
targeted SD genes to completely disable them in weedy rice, instead of reducing the 
expression of their transcripts. Two multiplexed CRISPR/Cas9 TM constructs were 
therefore designed to knockout six SD-associated genes in weedy rice upon transgene 
flow. One of the multiplexed TM construct was designed to have one cleavage site for 
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each target gene (CRISPR-1T), producing six target sites for Cas9. The other multiplexed 
construct had two cleavage sites for each target gene (CRISPR-2T), hence, had 12 target 
sites for Cas9.  
Mutagenesis analysis at the T0 generation revealed high editing rates in 
Nipponbare alleles for all target genes except for Bh4 for the CRISPR-1T multiplexed 
construct. Mutant allele decoding for the CRISPR-1T multiplexed construct using the 
DSDecode program identified three types of mutations, of which 67% were of the 
homozygous and biallelic mutation types. However, about 22% of all mutations decoded 
were of the heterozygous type, implying that only one of the two copies of the 
Nipponbare alleles at the T0 generation was edited. The remaining 11% of edited T0 
plants could not be decoded to reveal the type of mutations, hence, were designated as 
‘unknown’ mutation type. The DSDecode program could not decode mutation types for 
the CRISPR-2T multiplexed construct, even though evidence of editing could be 
observed in these T0 plants. Evidence for editing in target genes in T0 plants whose 
mutation types could not be decoded was obtained by searching for the complete 
protospacer sequence in sequenced PCR amplified fragments containing the Cas9 
cleavage site for each target gene. Sequences that still had the protospacer sequences 
intact were indicative of no editing, whereas sequences with a disruption in the 
protospacer sequence showed proof of editing. Cleavage site for Cas9 is always within 
the protospacer sequence for target genes, as Cas9 cuts 3-bp upstream of the adjoining 
PAM sequence. Poor sequence quality might have contributed to our inability to identify 
the type of mutations in the T0 plants for the CRISPR-2T construct. 
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Mutagenesis analysis at the F1 generation obtained from a cross between a 
biallelic T0 plant and the weedy rice line SS18-2 showed no evidence of editing in the 
SS18-2 alleles for three (i.e. Bh4, SD7-1, SD12a) of the target genes. However, the 
mutations observed in the Nipponbare allele at the T0 generation were found to be 
heritable, as they were inherited in the F1 generation for all genes assayed. Thus, only 
heterozygous mutation types were decoded for Bh4, SD7-1, and SD12a at the F1. One-bp 
transversion and transition mutations were observed for SS18-2 alleles respectively for 
SD7-2 and SD12c target genes, but these mutations were found to be synonymous or 
silent mutations.  
The implication of the above findings is that the CRISPR/Cas9 system in its 
standard Cas9-sgRNA construct, when directed to specific targets, may be limited in 
knocking out target genes as envisaged. As revealed through the mutagenesis analysis, 
not all genome-editing leads to gene knockouts, as some mutations are only synonymous 
or silent mutations. The CRISPR/Cas9 system, in its standard Cas9-sgRNA construct, 
generates mutations randomly, but could be modified as explained in Chapter 3 into 
CRISPR/Cas9 gene drive constructs. The CRISPR/Cas9 gene drive construct gives some 
leverage over the type of mutations that may be induced in target genes, and may also 
guarantee the editing of both copies of alleles with the same homozygous mutation. 
However, within our context of transgenic mitigation, the design of CRISPR/Cas9 gene 
drive constructs do not facilely allow the simultaneous editing of multiple targets. In the 
near future, as our knowledge deepens on the molecular networks underlying SD 
mechanisms, we will be able to identify one master regulatory gene that could serve as a 
single target for disrupting SD acquisition in plants. Thus, we may not need to target 
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multiple SD-associated genes in order to maximize silencing efficiency. Although, the 
standard CRISPR/Cas9 system is amenable to multiplexing, the generation of 
heterozygous mutations places a practical limitation on its applicability in designing TM 
constructs. In sum, a TM strategy to reduce the risk of transgene flow to weedy rice using 
SD as a mitigating trait via a CRISPR/Cas9 system seems promising, but requires a 
modification of the TM construct to avoid the induction of heterozygous mutations. 
4.2 Future directions 
In view of the limitations and challenges discussed above, the following 
recommendations maybe necessary to improve the silencing efficiency of TM constructs 
in future works: 
1. The design of the RNAi mediated TM construct should be reconsidered by fitting each 
IRS with its own promoter. This may increase the size of the construct and thereby 
increase the chance of the mitigating construct segregating from the primary 
transgene. However, this unavoidable increase in size could be compensated for by 
eliminating the HPT gene for hygromycin resistance from the TM construct. The 
inclusion of the HPT gene in the TM construct was redundant, as the Bar gene could 
both serve as a plant selectable marker gene during plant transformation as well as a 
primary transgene for herbicide resistance.  
2. The two-locus TM model should be evaluated under field conditions to validate the 
silencing effects results obtained under greenhouse conditions. In the present study, 
only the three-locus TM construct was evaluated under field conditions.   
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3. The insertion locus for the TM constructs in the rice genome should be mapped to 
facilitate a more detailed linkage analysis between the mitigating factor and the 
primary transgene.  
4. With respect to the difficulty in decoding mutant alleles for the CRISPR-2T 
multiplexed construct, the quality of the sequence chromatograms can be improved by 
increasing the size of the amplified PCR products containing the Cas9 targeted site to 
about 700 bp. The amplicons should then be sequenced using internal specific primers 
other than those used for the initial PCR amplification. These internal specific primers 
should have binding positions at 150-300 bp upstream of downstream the mutated site. 
In the present study, about 400 bp of PCR products containing the mutated site was 
sequenced using one of the primer pairs that was used for the initial PCR 
amplification. Although, this procedure worked efficiently for the CRISPR-1T 
construct, it might have caused high-level noise signals in the sequence 
chromatograms for the CRISPR-2T construct. 
5. A CRISPR/Cas9 gene drive construct should be tested for efficiency in creating 
homozygous mutations in both alleles of one of the target genes, preferably SD7-1. 
The CRISPR/Cas9 gene drive system uses homology-directed repair (HDR) pathway 
to cause homozygous mutations in both alleles of a target gene as explained in Chapter 
3 of this dissertation. There is, however, a very scant information about mutation 
induction by the CRISPR/Cas9 system via the HDR pathway in plants.  
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APPENDICES 
Appendix 2.1 
Primers used for RNAi trigger sequence PCR amplification and overlap extension PCR 
during TM constructs design 
Primer name Sequence (5ˊ to 3ˊ) 
SD12-RNAi-F caCCTCCATCGGAGGAAGAGAT 
SD12-RNAi-R GGTGATGCTTGCTTGCTTTT 
SD12-RNAi-F1 GGAGCTATGCTCCCTTACCC 
SD12-BD-F caccCCGGAGAAGAAACAGATGGA 
Sd12-BD-R ttaCGGTGGATGCATGTACGACT 
SD7-RNAi-F CACCCACTGTACTCATCAGCAT 
SD7-RNAi-R CACTGCATTAGCTCACTGGAA 
SD7-RNAi-F1 CACCAGACAATGCCAAATAATG 
SD7-RNAi-R2 gggtaagggagcatagctccGCAGAGAAAATGCCAAGAGTG 
SD7-BD-F caccTACAGGGGAGCAGAAACACC 
SD7-BD-R ttaGCTCTCGATGATGGACACCT 
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Appendix 2.2 
Map of binary destination vector, pANDA used for the design of TM constructs 
 
LB: left border 
RB: right border 
NPT II: Kanamycin resistance gene 
HPT: Hygromycin resistance gene 
Ubq pro.: Maize ubiquitin1 promoter + 1st intron & splicing acceptor site 
attR: LR clonase recombination cassette  
attR1 & attR2: LR clonase recombination sites 
CmR: Chloramphenicol resistance gene 
ccdB: ccd B gene 
NOSt: NOS terminator 
Vector size: about 20 Kbp 
Back bone: pBI101 
Host E. coli strain: DB 3.1 
Kpn I and Sac I are unique restriction enzyme sites, others are not unique. 
 
Restriction enzymes sites 
Site A: 
RB---BamH I, Sma I, Kpn I, Apa I, Xho I ---LB 
Site B: 
RB---Cla I, Hind III, EcoR V ---LB 
Site C: 
RB---EcoR I, Pst I, Sma I, BamH I, Xho I, Not I, EcoR V, EcoR I ---LB 
Site D: 
RB---EcoR I, Spe I, BamH I, Sac I ---LB 
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Appendix 2.3 
Summary for Southern blotting and herbicide resistance tests for T0 plants in the green 
house 
Transgenic event 
Transgene 
copies+ 
Hygromycin 
resistance 
Glufosinate 
resistance++ 
Segregation pattern 
2Lo-Tr-01 4 Resistant Resistant Multiple genes 
2Lo-Tr-02 3 Resistant Resistant Multiple genes 
2Lo-Tr-03 3 Resistant Resistant Multiple genes 
2Lo-Tr-04 4 Resistant Resistant Single gene 
2Lo-Tr-05 6 Resistant Resistant Multiple genes 
2Lo-Tr-06 7 Resistant Resistant Multiple genes 
2Lo-Tr-07 1 Resistant Resistant Single gene 
3Lo-Tr-01 4 Resistant Resistant Multiple genes 
3Lo-Tr-02 4 Resistant Resistant Multiple genes 
3Lo-Tr-03 3 Resistant Resistant Multiple genes 
3Lo-Tr-04 8 Resistant Resistant Multiple genes 
3Lo-Tr-05 6 Resistant Resistant Multiple genes 
3Lo-Tr-06 1 Resistant Resistant Single gene 
3Lo-Tr-07 3 Resistant Resistant Multiple genes 
3Lo-Tr-08 1 Resistant Resistant Single gene 
2Lo-Tr-01 to -07: independent transgenic events for two-locus TM model 
3Lo-Tr-01 to -08: independent transgenic events for three-locus TM model 
+: number of transgene copies revealed by Southern blotting as revealed in the images 
below 
++: Glufosinate herbicide resistance test was done by spraying 0.5% and 1% 
concentration of Biapholos herbicide 
 
     
 
 
 
Southern blotting images of transgenic plants for the two locus (left) and three locus 
(right) TM models to determine the number of copies of inserted TM constructs. 
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Appendix 3.1A 
Promoter and 19 to 20 bp target sequences used to design sgRNA expression cassettes 
Promotera Name Sequence (5 to 3)b PAM  
U6a 
SD7-1_1F ggcgTGGCAGCTCTGCCCCCACCA AGG 
SD7-1_1R aaacTGGTGGGGGCAGAGCTGCCA  
U6a 
SD12a_1F ggcgTGGCTCTATCCGATCGTCAG TGG 
SD12a_1R aaacCTGACGATCGGATAGAGCCA  
U6a 
Bh4_1F ggcgCGCCCTCTCCGAGGGGGGCT GGG 
Bh4_1R aaacAGCCCCCCTCGGAGAGGGCG  
U6b 
SD7-2_1F gttgACTGGACGCAGGGCTGCGTG AGG 
SD7-2_1R aaacCACGCAGCCCTGCGTCCAGT  
U6b 
SD12b_1F gttgGGCCGGACTACTGCCTGAG AGG 
SD12b_1R aaacCTCAGGCAGTAGTCCGGCC  
U6b 
SD12c_2F gttgTCACTGCAGCAGCATGCCC AGG 
SD12c_2R aaacGGGCATGCTGCTGCAGTGA  
U6c 
SD7-1_2F tcagACTCCTTCCCTCCCGGCATC GGG 
SD7-1_2R aaacGATGCCGGGAGGGAAGGAGT  
U6c 
SD12a_2F tcagAAGCATCACCACGCGGCTGC AGG 
SD12a_2R aaacGCAGCCGCGTGGTGATGCTT  
U6c 
Bh4_2F tcagTTCTCTGATCGACCAGGGGT TGG 
Bh4_2R aaacACCCCTGGTCGATCAGAGAA  
U3 
630_1F ggcaCGGCGGTGATCTCTTCGATA TGG 
630-1R aaacTATCGAAGAGATCACCGCCG  
U3 
SD7-2_2F ggcaTCGTGGTCGATGGCTTCCA CGG 
SD7-2_2R aaacTGGAAGCCATCGACCACGA  
U3 
SD12b_2F ggcaGCAAGGGCAGCAGCGATAT CGG 
SD12b_2R aaacATATCGCTGCTGCCCTTGC  
a: snRNA Promoters used for the corresponding sgRNA. F and R represent forward and 
reverse, respectively; b: sequences of corresponding primers. Lower case letters are 
adaptors in DNA ligation and upper case letters are target sequences. 
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Appendix 3.1B 
Primers pairs used for sgRNA expression cassettes design and Gibson assembly cloning 
to generate CRISPR-1T and CRISPR-2T multiplexed constructs. 
Primer 
name Sequence (5' to 3') 
U-F CTCCGTTTTACCTGTGGAATCG 
gR-R CGGAGGAAAATTCCATCCAC 
B1F TTCAGAggtctcTctcgACTAGTGGAATCGGCAGCAAAGG 
B1R AGCGTGggtctcGtcagGGTCCATCCACTCCAAGCTC 
B2F TTCAGAggtctcTctgaCACTGGAATCGGCAGCAAAGG 
B2R AGCGTGggtctcGtcttGGTCCATCCACTCCAAGCTC 
B3F TTCAGAggtctcTaagaCACTGGAATCGGCAGCAAAGG 
B3R AGCGTGggtctcGagtcGGTCCATCCACTCCAAGCTC 
B4F TTCAGAggtctcTgactCACTGGAATCGGCAGCAAAGG 
B4R AGCGTGggtctcGgtccGGTCCATCCACTCCAAGCTC 
B5F TTCAGAggtctctggacCACTGGAATCGGCAGCAAAGG 
B5R AGCGTGggtctcGcagaGGTCCATCCACTCCAAGCTC 
B6F TTCAGAggtctcTtctgCACTGGAATCGGCAGCAAAGG 
B6R AGCGTGggtctcGacctGGTCCATCCACTCCAAGCTC 
B7F TTCAGAggtctcTaggtCACTGGAATCGGCAGCAAAGG 
B7R AGCGTGggtctcGagcgGGTCCATCCACTCCAAGCTC 
B8F TTCAGAggtctcTcgctCACTGGAATCGGCAGCAAAGG 
BR AGCGTGggtctcGaccgACGCGTCCATCCACTCCAAGCTC 
G1b ACCGGTAAGGCGCGCCGTAGTGCTCGAGGAATCGGCAGCAAAGG 
G1a ACCGGTAAGGCGCGCCGTAGTGCTCGACTAGTGGAATCGGCAGCAAAGG 
G1R CAGGGAGCGGATAACAATTTCACACAGGCACATCCACTCCAAGCTCTTG 
G2F GTGCCTGTGTGAAATTGTTATCCGCTCCCTGGAATCGGCAGCAAAGG 
G2R CCACGCATACGATTTAGGTGACACTATAGCGCATCCACTCCAAGCTCTTG 
G3F CCACGCATACGATTTAGGTGACACTATAGCGCATCCACTCCAAGCTCTTG 
G3R GTCGCTAGTTATTGCTCAGCGGCCAAGCTCATCCACTCCAAGCTCTTG 
G4F GAGCTTGGCCGCTGAGCAATAACTAGCGACTGGAATCGGCAGCAAAGG 
G4R CATCGTCGCCGTCCAGCTCGACCATTGAACATCCACTCCAAGCTCTTG 
G5F GTTCAATGGTCGAGCTGGACGGCGACGATGTGGAATCGGCAGCAAAGG 
G5R GCTCCGAATACGACTCACTATAGGGTGACCATCCACTCCAAGCTCTTG 
G6F GGTCACCCTATAGTGAGTCGTATTCGGAGCTGGAATCGGCAGCAAAGG 
G6R CTGAGGTTAACCCTCACTAAAGGGAAGCTCCATCCACTCCAAGCTCTTG 
G7F GGAGCTTCCCTTTAGTGAGGGTTAACCTCAGTGGAATCGGCAGCAAAGG 
G7R CGTGGTATGCTAGTTATTGCTCAGCCTCGACATCCACTCCAAGCTCTTG 
G8F GTCGAGGCTGAGCAATAACTAGCATACCACGTGGAATCGGCAGCAAAGG 
GR TAGCTCGAGAGGCGCGCCAATGATACCGACGCGTCCATCCACTCCAAGCTCTTG 
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GR2 TGTCAACGCGTCCTTTGCTGCCGATTCCAGGTCCATCCACTCCAAGCTCTTG 
GR-U6b TGCAAGAACGTCCTTTGCTGCCGATTCCAGGTCCATCCACTCCAAGCTCTTG 
SP-L GCGCGGTGTCATCTATGTTACTA 
SP-R CCCGACATAGATGCAATAACTTC 
 
 
Appendix 3.1C 
 
Design and arrangement of the six sgRNA expression cassettes for the multiplexed 
CRISPR/Cas9 construct targeting one cleavage site for each of the six target genes 
(CRISPR-1T). 
 
Appendix 3.1D 
 
Design and arrangement of the 12 sgRNA expression cassettes for the multiplex 
CRISPR/Cas9 construct targeting two cleavage sites for each of the six target genes 
(CRISPR-2T). 
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Appendix 3.1E 
   
Restriction digestion of positive plasmids to confirm transformation of competent cells of 
E. coli strain DH10B after Golden Gate and Gibson assembly cloning of sgRNA 
expression cassettes into pYLCRISPR/Cas9 binary vector. 
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Appendix 3.2A 
Primer pairs designed to amplify ~400 bp of genomic DNA of target genes containing 
CRISPR/Cas9 induced mutation sites 
Primer ID Sequence (5' to 3') 
1T-SD7-1_1F ACCCCACCACCTTCAAATCA 
1T-SD7-1_1R TTTGTTGTACGGAGAGATCAGT 
1T-Bh4_1F GGAACACAATGCCGGTCG 
1T-Bh4_1R TGGGAAGAGCTTGTCGAGG 
 1T-SD7-2_1F GCCGGTTTGGAACTGGAAGA 
 1T-SD7-2_1R TGGAGTCTGACCCACACG 
1T-SD12c_2F GTCAGGCCCGTCAAATCAAA 
1T-SD12c_2R CGTCTTCATGCTGCATCCAA 
 1T-SD12a_2F ACCGCTGACTGACCTTATCG 
 1T-SD12a_2R ATTCTGGAGCTGATCACTCTG 
1T-SD12b_2F GCAGTAGTGCAGCTACGAGT 
1T-SD12b_2R CTGTTCTGCGGCTCTCC 
2T-SD12a_1F CGCACCTTATTCATCGTCGT 
2T-SD12a_1R AGTTGATGTGGCAAGGAGGA 
2T-SD12b_1F CGATTGATGATCCATGCGGT 
2T-SD12b_1R TACCTGTTCTGCGGCTCTC 
2T-SD7-1_2F CCGTCAAGACGCGGAAGTC 
2T-SD7-1_2R AACACGTAACAAGAAGTGTGGT 
2T-Bh4_2F GCTCCAAGATGACCCTGCATT 
2T-Bh4_2R CGATGTCCGGGTACGTCCG 
2T-SD12c_1F AGATGACAAGCTACAACGACG 
2T-SD12c_1R TAGCTGATCATCCACGGCGA 
2T-SD7-2_2F GTACACCTTCCCCGGGTC 
2T-SD7-2_2R AAACCATGATGCGAACAAGTG 
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Appendix 3.2B 
Summary of mutant alleles decoded for the Bh4 gene using the DSDecode program for 
32 T0 plants edited using the CRISPR-1T multiplexed construct. 
  Gene: Bh4, Promoter: U6a   
 Target sequence: CGCCCTCTCCGAGGGGGGCTGGG,            
GC% = 83% 
 
ID Decoded alleles Mutation type 
1T-1-1 CGCCCTCTCCGAGGGG-GCTGGG Biallelic 
 CGCCCTCTCCGAGGGG--CTGGG  
1T-1-2  CGCCCTCTCCGAGGGG-GCTGGG Biallelic 
 CGCCCTCTCCGAGGGG--CTGGG  
1T-1-3 unknown mutation Unknown 
1T-3-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-3-2 CGCCCTCTCCGAGGGGG-CTGGG Heterozygous 
1T-3-3 CGCCCTCTCCGAGGGGG-CTGGG Heterozygous 
1T-4-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-4-2 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-4-3 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-5-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-5-2 CGCCCTCTCCGAGGGGG--CTGGG Biallelic 
 CGCCCTCTCCGAGGGGGTGCTGGG  
1T-5-3 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-6-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-6-2 (90-bp deletion)CTGATCGACCAGGGG  Biallelic 
 (3-bp del)T(87-bp del)TGATCGACCAGGGG   
1T-6-3 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-7-1 CGCCCTCTCCGAGGGGG-CTGGG Homozygous 
1T-7-2 CGCCCTCTCCGAGGGGG--CTGGG Biallelic 
 CGCCCTCTCCGAGGGGGAGCTGGG  
1T-7-3 GGGTTGGCTTGCTC(51-bp deletion)GCCGCC Heterozygous 
1T-8-1 CGCCCTCTCCGAGGGGG-CTGGG Heterozygous 
1T-8-2 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-8-3 unknown mutation Unknown 
1T-9-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-9-2 CGCCCTCTCCGAGGGGGAGCTGGG Heterozygous 
1T-9-3 CGCCCTCTCCGAGGGGG-CTGGG Homozygous 
1T-10-1 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-10-2 CGCCCTCTCCGAGGGGGGGCTGGG Heterozygous 
1T-11-1 CGCCCTCTCCGAGGGGG-CTGGG Homozygous 
1T-11-2 CGCCCTCTCCGAGGGGGGCTGGG WT 
1T-11-3 CGCCCTCTCCGAGGGGGGCTGGG WT 
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1T-12-1 GGGTTGGCTTGCTC(51-bp deletion)GCCGCC Heterozygous 
1T-12-2 GGGTTGGCTTGCTC(51-bp deletion)GCCGCC Heterozygous 
1T-12-3 CGCCCTCTCCGAGGGGG--CTGGG 
Biallelic 
  CGCCCTCTCCGAGGGGGTGCTGGG 
 WT 13 
 Biallelic 6 
 Heterozygous 8 
 Homozygous 3 
 Unknown 2 
 Total 32   
Target sequences for each target gene include underlined PAM sequences; GC%: GC 
content of target sequence plus PAM sequence; WT: unedited wild type allele. Observed 
deletions, insertions and substitution mutations are highlighted in red color. 
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Appendix 3.2C 
Summary of mutant alleles decoded for the SD7-1 gene using the DSDecode program for 
32 T0 plants edited using the CRISPR-1T multiplexed construct. 
  Gene: SD7-1, Promoter: U6a   
 
Target sequence: TGGCAGCTCTGCCCCCACCAAGG,            
GC% = 70% 
 
ID Decoded alleles Mutant type 
1T-1-1 CTCCTCTGGCAGCTCTGCCC------AAGG Biallelic 
 
CTCCTCTGGCAGCTCTGCCCCCAACCAAGG 
 
1T-1-2  CTCCTCTGGCAGCTCTGCCC------AAGG Biallelic 
 
CTCCTCTGGCAGCTCTGCCCCCAACCAAGG 
 
1T-1-3 CTCCTCTGGCAGCTCTGCCC------AAGG Biallelic 
 
CTCCTCTGGCAGCTCTGCCCCCAACCAAGG 
 
1T-3-1 CTCTGGCAGCTCTGCCCCCAACCAAGG Homozygous 
1T-3-2 CTCTGGCAGCTCTGCCCCCAACCAAGG Biallelic 
 
CTCTGGCAGCTCTGCCCCCA---AAGG 
 
1T-3-3 CGGTGGCGCACAGCCTCCGG Heterozygous 
1T-4-1 CTCTGGCAGCTCTGCCCCCACCAAGG WT 
1T-4-2 CTCTGGCAGCTCTGCCCCCACCAAGG WT 
1T-4-3 CTCTGGCAGCTCTGCCCCCACCAAGG WT 
1T-5-1 CTCTGGCAGCTCTGCCCCCACCAAGG WT 
1T-5-2 CTCTGGCAGCTCTGCCCCC--CCAAGG Biallelic 
 
CTCTGGCAGCTCTGCCCCCAACCAAGG 
 
1T-5-3 CTCTGGCAGCTCTGCC-------AAGG Biallelic 
 
CTCTGGCAGCTCTGCCCCCACCCAAGG 
 
1T-6-1 CGGTGGCGCACAGCCTCCGG Heterozygous 
1T-6-2 GCAGCTCTGCCCCCAACCAAGG Biallelic 
 
GCAGCTCTGCCCCCA----AGG 
 
1T-6-3 GCAGCTCTGCCCCCAACCAAGG Biallelic 
 
GCAGCTCTGCCCCCA----AGG 
 
1T-7-1 TGGCAGCTCTGCCCC-CCCAAGG Biallelic 
 
TGGCAGCTCTGCCCC-ACCAAGG 
 
1T-7-2 GCAGCTCTGCCCCCA---AGG Homozygous 
1T-7-3 GCAGCTCTGCCCCCA---AGG Homozygous 
1T-8-1 GGCAGCTCTGCCCCC--CCAAGG Biallelic 
 
GGCAGCTCTGCCCCCAACCAAGG 
 
1T-8-2 GCAGCTCTGCCCCCA---AGG Homozygous 
1T-8-3 Unknown mutation Unknown 
1T-9-1 GGCAGCTCTGCCCCC---CAAGG Biallelic 
 
GGCAGCTCTGCCCCCAACCAAGG 
 
1T-9-2 CGGTGGCGCACAGCCTCCGG Heterozygous 
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1T-9-3 CGGTGGCGCACAGCCTGCGG (complicated 
variant) 
Heterozygous 
1T-10-1 TGGCAGCTCTGCCCCCCTG (complicated variant) Heterozygous 
1T-10-2 TGGCAGCTCTGCCC----------------TACCCTACCTA  Biallelic 
 
TGGCAGCTCTGCCCCCCAACCAAGG  
 
1T-11-1 Unknown mutation Unknown 
1T-11-2 CTCTGGCAGCTCTGCCCCCACCAAGG WT 
1T-11-3 TGGCAGCTCTGCCCCCA---AAGG Biallelic 
 
TGGCAGCTCTGCCCCCACCCAAGG 
 
1T-12-1 GCAGCTCTGCCCCCAACCAAGG Biallelic 
 
GCAGCTCTGCCCCCA----AGG 
 
1T-12-2 Unknown mutation Unknown 
1T-12-3 Unknown mutation Unknown 
 WT 5 
 Biallelic 14 
 Heterozygous 5 
 Homozygous 4 
 Unknown 4 
 Total 32 
Target sequences for each target gene include underlined PAM sequences; GC%: GC 
content of target sequence plus PAM sequence; WT: unedited wild type allele. Observed 
deletions, insertions and substitution mutations are highlighted in red color. 
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Appendix 3.2D 
Summary of mutant alleles decoded for the SD7-2 gene using the DSDecode program for 
32 T0 plants edited using the CRISPR-1T multiplexed construct. 
  Gene: SD7-2, Promoter: U6b   
 Target sequence: ACTGGACGCAGGGCTGCGTGAGG,              
GC% = 70% 
 
ID Decoded alleles Mutation type 
1T-1-1 CGCCACCGGCGGTCGTGTTGGTCCTCTCYGTGCTG Heterozygous 
1T-1-2  GTCAGTGGAACGCTCCTCAC-----CCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA  
1T-1-3 GTCAGTGGAACGCTCCTCAC-----CCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA  
1T-3-1 GTCAGTGGAACGCTC-----------------------G Biallelic 
 TGCACGTCAGTGGAACGCTCCTCACCCTGCGTCSA  
1T-3-2 GTCAGTGGAACGCTC-----------------------G Biallelic 
 GTCAGTGGAACGCTCCTCACCCTGCGTCSA  
1T-3-3 GTCAGTGGAACGCTCCTC-------CCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA   
1T-4-1 GTCAGTGGAACGCTCCTCACGCAGCCCT WT 
1T-4-2 GTCAGTGGAACGCTCCTCACGCAGCCCT WT 
1T-4-3 GTCAGTGGAACGCTCCTCACGCAGCCCT WT 
1T-5-1 GTCAGTGGAACGCTCCTCACGCAGCCCT WT 
1T-5-2 GTCAGTGGAACGCTCCTCAC-----CCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA  
1T-5-3 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACGC-GCCCTGCGTCCA  
1T-6-1 GTCAGTGGAACGCTCCTCAC---AGCCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACTGCAGCCCTGCGTCC   
1T-6-2 GTCAGTGGAACGCTCCTCAC---AGCCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACTGCAGCCCTGCGTCC   
1T-6-3 TCCTCTCGCTGCTGCACGTCCGTGGAACGCTCCTC Heterozygous 
1T-7-1 GTCAGTGGAACGCTCCTCACG----CCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACGGCAGCCCTGCGTCCA   
1T-7-2 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA Homozygous 
1T-7-3 GTCAGTGGAACGCTCCTCACG---CCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACGG-GCCCTGCGTCCA  
1T-8-1 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA Homozygous 
1T-8-2 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA Homozygous 
1T-8-3 Unknown mutation Unknown 
1T-9-1 GTCAGTGGAACGCTCCTCACG----CCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACGGCAGCCCTGCGTCCA   
1T-9-2 GTCAGTGGAACGCTCCTCACG----CCCTGCGTCCA Biallelic 
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 GTCAGTGGAACGCTCCTCACGGCAGCCCTGCGTCCA   
1T-9-3 GTCAGTGGAACGCTCCTCACG----CCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACGGCAGCCCTGCGTCCA   
1T-10-1 GTCAGTGGAACGCTCCTCAC--AGCCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCAC----CCCTGCGTCCA  
1T-10-2 GTCAGTGGAACGC---------AGCCCTGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCT----------TGCGTCCA  
1T-11-1 Unknown mutation Unknown 
1T-11-2 GTCAGTGGAACGCTCCTCAC-------TGCGTCCA Biallelic 
 GTCAGTGGAACGCTCCTCACG--GCCCTGCGTCCA  
1T-11-3 GTTCCTCTCGCTGCTGC(42-bp deletion)CGTTG Heterozygous 
1T-12-1 GTCAGTGGAACGCTCCTCACGC---CCTGCGTCCA Homozygous 
1T-12-2 GTCAGTGGAACGCTCCTCACGC---CCTGCGTCCA Homozygous 
1T-12-3 GTCAGTGGAACGCTCCTCACGC---CCTGCGTCCA Homozygous 
 WT 4 
 Biallelic 17 
 Heterozygous 3 
 Homozygous 6 
 Unknown 2 
 Total 32 
Target sequences for each target gene include underlined PAM sequences; GC%: GC 
content of target sequence plus PAM sequence; WT: unedited wild type allele. Observed 
deletions, insertions and substitution mutations are highlighted in red color. 
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Appendix 3.2E 
Summary of mutant alleles decoded for the SD12a gene using the DSDecode program for 
32 T0 plants edited using the CRISPR-1T multiplexed construct. 
  Gene: SD12a, Promoter: U6c   
 
Target sequence: 
AAGCATCACCACGCGGCTGCAGG,    
GC% = 65% 
 
ID Decoded alleles Mutation type 
1T-1-1 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCA--CCGCGTG  
1T-1-2  TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCA--CCGCGTG  
1T-1-3 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCA--CCGCGTG  
1T-3-1 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Heterozygous 
1T-3-2 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-3-3 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG  
1T-4-1 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-4-2 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-4-3 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-5-1 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-5-2 TAAGGTTGTGAGCTCCTGCA----GCGTGGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG  
1T-5-3 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Heterozygous 
1T-6-1 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Homozygous 
1T-6-2 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Heterozygous 
1T-6-3 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Heterozygous 
1T-7-1 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Heterozygous 
1T-7-2 TAAGGTTGTGAGCTCCTGCA--CCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCATGCCGCGTG  
1T-7-3 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Homozygous 
1T-8-1 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Heterozygous 
1T-8-2 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Heterozygous 
1T-8-3 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCATGCCGCGTG  
1T-9-1 GTAAGGTTGTGAGCTCCTGC-GCCGCGTG Heterozygous 
1T-9-2 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG  
1T-9-3 TAAGGTTGTGAGCTCCTGCACGCCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG  
1T-10-1 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Heterozygous 
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1T-10-2 TAAGGTTGTGAGCTCCTGCAAGCCGCGTG Homozygous 
1T-11-1 TAAGGTTGTGAGCTCCTGCA--CCGCGTG Biallelic 
 TAAGGTTGTGAGCTCCTGCATGCCGCGTG  
1T-11-2 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-11-3 TAAGGTTGTGAGCTCCTGCAGCCGCGTG WT 
1T-12-1 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Homozygous 
1T-12-2 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Homozygous 
1T-12-3 TAAGGTTGTGAGCTCCTGCATGCCGCGTG Homozygous 
  WT 7 
 Biallelic 10 
 Heterozygous 9 
 Homozygous 6 
 Unknown 0 
  Total 32 
Target sequences for each target gene include underlined PAM sequences; GC%: GC 
content of target sequence plus PAM sequence; WT: unedited wild type allele. Observed 
deletions, insertions and substitution mutations are highlighted in red color. 
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Appendix 3.2F 
Summary of mutant alleles decoded for the SD12c gene using the DSDecode program for 
32 T0 plants edited using the CRISPR-1T multiplexed construct. 
  Gene: SD12c, Promoter: U6b   
 Target sequence: TCACTGCAGCAGCATGCCCAGG,      
GC% = 64% 
 
ID Decoded alleles Mutant type 
1T-1-1 AGTCACTGCAGCAGCA----CCCAGG  Biallelic 
 AGTCACTGCAGCAGCATGAACCCAGG  
1T-1-2  Unknown mutation Unknown 
   
1T-1-3 AGTCACTGCAGCAGCA----CCCAGG  Biallelic 
 AGTCACTGCAGCAGCATGAACCCAGG  
1T-3-1 Unknown mutation Unknown 
1T-3-2 Unknown mutation Unknown 
1T-3-3 AGTCACTGCAGCAGC---CCCAGG Biallelic 
 AGTCACTGCAGCAGCAT-CCCAGG  
1T-4-1 AGTCACTGCAGCAGCATGCCCAGG WT 
1T-4-2 AGTCACTGCAGCAGCATGCCCAGG WT 
1T-4-3 AGTCACTGCAGCAGCATGCCCAGG WT 
1T-5-1 AGTCACTGCAGCAGCATGCCCAGG WT 
1T-5-2 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-5-3 Unknown mutation Unknown 
1T-6-1 (149-bp deletion)GGCCTCAACG  Biallelic 
 (1-bp del)A(148-bp del)GCCTCAACG   
1T-6-2 AGTCACTGCAGCAGC----CCAGG Biallelic 
 AGTCACTGCAGCAGCAT-CCCAGG  
1T-6-3 AGTCACTGCAGCAGC----CCAGG Biallelic 
 AGTCACTGCAGCAGCAT-CCCAGG  
1T-7-1 (139-bp deletion)CAGG Biallelic 
 TGAGAACCGTCTCTT (complicated variant)  
1T-7-2 AGTCACTGCAGCAGCA--CCCAGG Homozygous 
1T-7-3 AGTCACTGCAGCAGC---CCCAGG Biallelic 
 AGTCACTGCAGCAGCAT-CCCAGG  
1T-8-1 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-8-2 Unknown mutation Unknown 
1T-8-3 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-9-1 AGTCACTGCAGCAGC----CCCAGG Biallelic 
 AGTCACTGCAGCAGCATGGCCCAGG  
1T-9-2 AGTCACTGCAGCAGC----CCCAGG Biallelic 
 AGTCACTGCAGCAGCATGGCCCAGG  
1T-9-3 AGTCACTGCAGCAGC----CCCAGG Biallelic 
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 AGTCACTGCAGCAGCATGGCCCAGG  
1T-10-1 AGTCACTGCAGCAGC---CCCAGG Biallelic 
 AGTCACTGCAGCAGCTCCCAGGK--CA  
1T-10-2 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-11-1 AGTCACTGCAGCA-----CCCAGG Biallelic 
 AGTCACTGCAGCAGCA--CCCAGG  
1T-11-2 Unknown mutation Unknown 
1T-11-3 Unknown mutation Unknown 
1T-12-1 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-12-2 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
1T-12-3 AGTCACTGCAGCAGCAT-CCCAGG Homozygous 
 WT 4 
 Biallelic 13 
 Heterozygous 0 
 Homozygous 8 
 Unknown 7 
  Total 32 
Target sequences for each target gene include underlined PAM sequences; GC%: GC 
content of target sequence plus PAM sequence; WT: unedited wild type allele. Observed 
deletions, insertions and substitution mutations are highlighted in red color. 
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